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Several promoters such as the cauliflower mosaic virus 35S promoter (CaMV 
35S) and its enhanced version, pEMU, the maize ubiquitin promoter, the 
alcohol dehydrogenase promoter (Adh) and rice actin promoter (Act1) are 
currently used in Pinus radiata (pine) transformation. These heterologous 
promoters were adopted for pine transformation for want of an endogenous 
promoter tailored specifically for the needs of pine. These promoters may not 
perform to the same extent in pine as in their homologous systems due to 
differences in quality and/or quantity of regulatory factors. Secondly, because 
of their heterologous origin, these promoters are open to silencing 
mechanisms that operate in plants against invasive DNA [Matzke & Birchler, 
2005]. This could result in inactivation of these promoters at any time during 
the 30-year growth period of transformed pine which this poses a real threat 
to a forestry industry based on transgenic pine. 
A pine promoter on the other hand, being endogenous, is less prone to 
silencing. In addition, confidence in its longevity (continued expression) can 
be easily established even before using it in transformation. The aim of this 
study was to isolate and validate pine promoters that can be used in pine 
transformation. As only a few pine sequences were available in the public 
domain for gene discovery in pine (at the beginning of this study), 
heterologous sequence information was used to screen the pine genome or 
its transcriptome for orthologs with desirable expression features. 
The investigation proceeded along two lines. In the first approach, a putatively 
desirable gene was isolated and the expression profile of its promoter was 
then validated. This led to the characterization of 5Spr20, a pine SS rDNA 
paralog. 5Spr20 differs from all published SS rDNA sequence& dnd is 
therefore a novel pine gene. Analyses of its sequence using bioinformatics 
revealed that it is capable of initiating biologically active transcripts and 
5Spr20 is therefore a functional gene. A recombinant 5Spr20 promoter 
consisting of the coding region and the immediately upstream region 
downregulated gus reporter activity by 90% by antisense activity in transient 
expression studies in pine embryogenic cells. In stable expression studies, a 
5Spr20 promoter-driven shDNA construct targeting gus completely silenced 
reporter activity in the model plant Nicotiana benthamiana. The 5Spr20 
promoter appears to hold great promise for use in pine functional genomics 
and in gene downregulation applications. 
In the second line of investigation, the expression profiles of pine orthologs of 
known heterologous genes were validated prior to gene isolation. Two pine 
genes that were identified as promising candidates are pine tDNAMet-l and an 
actin paralog pine, ActX. Both genes were strongly expressed in all vegetative 
tissues of pine. Several PCR-based methods were used to clone the 
upstream regions (containing putative promoter elements) but all attempts 
ended in failure, which is attributed to the presence of pseudogenes and 
regions homologous to walking/sequencing primers among paralogs. 
The pine transcriptome was also screened unsuccessfully for ortholgs of 
desirable heterologous candidate genes like the ribosomal protein genes 
MsRL5 of Medicago sativa and AtL 18 of Arabidopsis thaliana and genes for 
the second largest subunit of RNA polymerase II, gene T13794 and actin-2 of 
A. thaliana. Sequence heterogeneity, cell-specific expression and low 
transcript abundance are possible reasons for not being able to detect pine 
orthologs of these candidate genes in expression screens. 
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Chapter I Introduction 
The flow of genetic information in organisms is regulated by processes 
operating during transcription, splicing, RNA transport, translation, post-
translation and protein compartmentalization [Knowlton, 1995). The primary 
stage at which gene expression is controlled in most eukaryotes is at 
transcription initiation [Holstege & Young, 1999). This is reflected in the 
percentage of the genome (>20%) dedicated to encoding transcription factors 
in plants and other eukaryotes [Johnson, 1995; Bevan et al, 1998). One of the 
major elements pivotal to successful transcription initiation is the gene 
promoter [Roa-Rodriguez, 2003). It often consists of a minimal promoter 
responsible for basal transcription and cis-acting elements, which account for 
activated transcription. 
Over the past twenty years, several promoters have been used to transform 
eukaryotic and prokaryotic cells [Potrykus .& Spangenburg, 1996), an early 
example of which is the mobilization of recombinant plasmid features in 
bacteria using the lac operon promoter. Some of these promoters have been 
tailored to meet specific requirements of different plant groups, such as the 
maize ubi (-quitin) and rice actin (Act1) promoters for the transformation of 
monocotyledonous plants (patent US 5-510474, US 5-641876), opine and 
cauliflower mosaic virus (CaMV 35s) promoters (patent US 5-955646, US 5-
352605) for dicotyledonous plants and the rolC promoter (patent application 
US2004/0168214) of Agrobacterium rhizogenes for phloem-specific expression 
in dicotyledonous plants [Noury et al, 2000; Heifetz et al, 2000). 
Specific promoters that cater for tissue-specific or global expression in Pinus 
radiata (hereafter referred to as pine) transformation are not available in pine 
research. Any promoters that may have been developed for this purpose 
[Wood et al, 2000; Kirst et al, 2003; Egertsdotter et al, 2004) are clothed in 
secrecy as a result of their patentability. Pine transformation thus continues to 
be reliant on the use of the CaMV 35S promoter. Being a heterologous 
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promoter and of viral origin, CaMV 35S has problems of its own such as weak 
expression in certain tissues [Walter et al, 1997] and a tendency to be silenced 
in some crops such as cotton towards the tail-end of the vegetative phase 
[Llewellyn, 2003]. Therefore, there is a need to develop specific promoters for 
global or tissue-specific gene expression in pine. Such promoters are 
preferably obtained from the pine genome itself. The aim of this study is to 
isolate one or more pine promoters and evaluate their use in pine 
transformation by a forward or reverse genetics approach. 
An appreciation of the factors determining the functionality of a promoter is 
essential in order to make a judicious choice of promoters and their 
subsequent manipulation. A promoter does not act in isolation to effect 
transcription but rather in concert with a host of other factors. The topology of 
the chromatin, transcription factors (TF) and cell cycle stage and epigenetic 
changes all play an equally important role in influencing transcription initiation 
[Mathieu et al, 2002]. This chapter reviews the various factors, whose interplay 
with one another and the promoter determine the efficiency of the promoter 
and its usefulness in transformation. The dissertation examines the various 
nuclear-imported proteins involved in transcription, the role of promoter 
elements, the cooperative interaction between the two which results in basal 
and activated transcription, the practical aspects of evaluating the biological 
efficacy of promoters and the use of promoters in functional genomics. 
1. PROTEINS INVOLVED IN TRANSCRIPTION INITIATION 
1 .1. RNA polymerases 
Eukaryotes differ from most prokaryotes where a single (core) polymerase 
transcribes all classes of genes. In eukaryotes, three DNA-dependant RNA 
polymerases transcribe subsets of genes, which differ in their gene structure 
and functions. A fourth RNA polymerase (Pol IV) is associated with a small 
interfering RNA (siRNA) pathway [Herr et al, 2005] which silences endogenous 
DNA. 
2 
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The three DNA-dependent RNA polymerases differ in the class of genes they 
transcribe, the regulatory sequences they require for transcription initiation, 
their location in the nucleus and their susceptibility to inhibitors. On the other 
hand, they show affinities as in the shared subunits that make up these multi-
subunit proteins, the TATA binding protein (TBP) which is required by all three 
as a component of the transcription complex [Huang & Maraia, 2001] and 
promoter elements which serve equally well for more than one polymerase 
[Margottini et al, 1991; Fung et al, 1995]. 
RNA polymerase I (Pol I) transcribes ribosomal DNA (rDNA) and is associated 
with the nucleolar organizing regions [Burton et al, 2005]. RNA Polymerase II 
(Pol 11) resides in the nucleoplasm and is responsible for the synthesis of 
heterogeneous nuclear RNA - the precursor of messenger RNA (mRNA), 
intronic miRNA [Ying & Lin, 2004], small nucleolar RNA (snoRNA) and the U1-
U6 small nuclear RNA (snRNA) of the spliceosome [Bartel, 2004]. RNA 
Polymerase Ill (Pol Ill) is localized in the nucleoplasm and transcribes transfer 
RNA (tRNA) and 5S rRNA, which have triphosphate 5' ends that are not 
capped as in mRNAs and small nuclear RNA ·such as exonic miRNA [Ying & 
Lin, 2004], 7SK, 7SL and U4 snRNA [Reddy, 1988] and Alu sequences and 
adenovirus VA gene [Huang & Marai, 2001]. 
1.2. Transcription factors 
Transcription factors are proteins that participate directly in the initiation of 
transcription, but which are not themselves part of RNA polymerase. They 
influence transcription by binding to specific DNA sequence motifs [Quandt et 
al, 1995], or target sequences in other transcription factors often by allosteric 
interaction [Wolffe, 1991]. Four classes of transcriptional factors are 
recognized; the general transcription factors (GTF) required for basal 
transcription [Reinberg et al, 1998], the activators and repressors, which bind 
to cis-acting elements, the coactivators and corepressors, which mediate 
transcriptional effects of activators and repressors and the architectural 
transcription factors involved in chromatin remodeling [Tsukiyama & Wu, 
1996]. 
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1.2.1. DNA binding domains of transcription factors 
Specific DNA binding in most cases appears to result from cooperative and 
additive interactions between a DNA sequence and specific protein structural 
motifs; while one motif makes contact with a sequence-independent structure 
of the DNA such as the sugar-phosphate backbone, an associated structural 
motif provides specific binding contacts with base pairs in the major groove of 
the DNA binding site [Wolberger et al, 1991; Pabo & Sauer, 1992; Rhees et al, 
1998]. 
Several categories of DNA binding motifs have been identified in transcription 
factors. The helix-turn-helix (HTH} motif consisting of two a helices separated 
by a turn of several amino acids is found in the engrailed repressor protein 
(EN) of Drosophila [Scott et al, 1998], the maize homeodomain protein knotted 
I (KN1) [Vollbrecht et al, 1991], KN1-like proteins such as rice OSH1, barley 
HVKNOX3 and Arabidopsis KNAT1 [Kerstetter et al, 1994] and most plant 
MYB proteins. Zinc finger motifs contain loops formed by coordination of a zinc 
atom with cystein and/or histidine (C/H) residues; the zinc fingers of 
transcription factor IIIA (TFIIIA) and petunia EPF family proteins (C2H2 type 
fingers) contain tandem repeats of the motif C-X2 or 4-C-X3-F-X5-L-X2-H-X3-H 
[Lee et al, 1989; Lewin, 1997] while the intracellular, steroid receptor proteins 
have a motif with the zinc binding consensus sequence C-X2-C-X1.3-C-X2-C 
[Lewin, 1997]. Other common DNA binding motifs are the leucine zippers of 
opaque-2 (02) of maize, HBP-1 of wheat and PosF21 of Arabidopsis [O'Neil et 
al, 1990; Foster et al, 1994], which possess a dimerization interface and the 
helix-loop-helix (HLH) motif of several plant bHLH protein regulators of 
anthocyanin biosynthesis [Koes et al, 1994]. 
Some DNA binding domains are unique to plants; the APETALA2 (AP2) and 
the related ethylene-responsive element binding protein (EREBP) multigene 
families [Riechmann & Meyerowitz, 1998] contain a conserved - 60-70 amino 
acid, AP2 DNA binding domain [Okamura et al, 1997]. So are the family of 
viviparous1-related factors (VP1) which includes maize VP1 [Hill et al, 1996], 
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Arabidopsis ARF1 [Ulmasov et al, 1997] and monopteros proteins [Hardtke & 
Berleth, 1998]. 
1.2.2. Transcription regulatory domains of transcription factors 
Transcription factors may also possess transcription regulatory domains 
responsible for positive or negative regulation of transcription; they exercise 
their activity when they are positioned in the vicinity of the target area. Such 
motifs may be an integral part of the transcription factor, or of an interacting 
protein which together with the bound protein forms a functional transcription 
factor [Holstege & Clevers, 2006]. The DNA binding and transcription 
regulatory domains are not interdependent as shown by swapping 
heterologous domains to produce chimaeric factors [Ptashne, 1989] in the 
yeast two-hybrid system [Fields & Song, 1989]. 
Acidic active domains exhibiting a relative abundance of negatively charged 
amino acids are present in maize opaque 2 (02), viviparous 1 (VP1) and 
tomato heat shock (HSF) factors [Hope et al, 19~8; Tamaoki et al, 1995]. 
Glutamine rich domains confer transcriptional activation to some factors; 
insertion of homopolymeric tracts of glutamine into GAL4NP16 transcription 
factor resulted in 14-fold enhanced transcription [Gerber et al, 1994: 
Schwechheimer et al, 1998]. Similarly, the praline-rich region of plant G-box 
binding factor 1 (GBF1) was shown to be a potential activation domain 
[Schindler et al, 1992]. 
2. PROMOTER ELEMENTS 
Most gene promoters are modular in nature. The core promoter is the minimal 
nucleotide sequence needed to assemble the general transcription factors and 
polymerase, specify the start site and initiate basal transcription [Washburn et 
al, 1997]. The upstream control elements, which occur at relatively fixed 
distances from the core promoter influence the efficiency and specificity of 
transcription. Apart from these generalities, the promoters of the three classes 
of genes transcribed by the different RNA polymerases differ in their 
architecture. 
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2.1. Promoter elements of Class I genes 
The class I genes transcribed by Pol I are arranged as long, head-to-tail 
repeats separated by 2-30 kb long intergenic spacers (IGS). A typical repeat 
unit consists of the 17/18S, 5.8S and 25/28S coding sequences in that order, 
separated from one another by internal transcribed spacers (ITS) and flanked 
at the repeat ends by external transcribed spacers (ETS). The sequence of 
coding regions are highly conserved among eukaryotes while the ITS show 
little sequence homology [Jacob, 1995; Burton et al, 2005]. 
Deletion analysis and linker scanning in human and murine rDNA show that 
the sequence -45 to +18 and -39 to +9, respectively, forms the start site 
proximal core promoter responsible for accurate transcription. The regions -
156 to -107 and -142 to -112, respectively, form the upstream control element 
(UCE) which acts cooperatively with the core promoter to increase 
transcription [Haltiner et al, 1986; Jones et al, 1988; Schnapps et al, 1999]. 
The core promoter in Xenopus is located between -147 and +4 positions. This 
sequence is duplicated two to six times within the IGS [DeWinter & Moss, 
1987]. Separating the duplicated spacer promoters are regions of intermingled 
and related 60 or 81 bp repeat elements [Busby & Reeder, 1983], which occur 
in blocks of 6-12 units and share a 40 bp sequence with the core promoter 
repeats; the 40 bp sequence enhances efficiency of transcription initiation at 
the start site. 
In D. melanogaster the core promoter spans the region -43 to +20. The IGS 
immediately upstream of the start site contains five to twelve 240 bp repeats, 
which overlap with spacer promoters. The repeats contain a 70 bp element, 
which includes a perfect copy of the -24 to +10 domain of the core promoter 
that stimulates transcription [Grimaldi et al, 1990; Jacob, 1995]. 
2.2. Promoter elements of Class II genes 
Pol II transcribes primarily genes coding for proteins. A generalized gene 
would consist of a nontranscribed 5' flanking region followed by an 
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untranslated region (5' UTR), an open reading frame (ORF) often interrupted 
by introns and a 3' UTR. 
Three elements which constitute the core promoter are the TATA element, 
initiator element (lnr) and downstream promoter element (DPE) (Reinberg et 
a/, 1998]. Many mammalian Pol II genes contain the characteristic TATA box 
located -30 bp from the start site [Arkhipova, 1995) with the consensus 
sequence TAT AAAA; in the lower eukaryote yeast, this occurs 40 to 120 bases 
upstream of the initiation site [Struhl, 1995]. The TATA motif in plants is of the 
consensus sequence CTAT AAA(A/T)A [Washburn et al, 1997). About 50 
bases upstream at position -75 another promoter element, the CAAT box with 
the consensus sequence GGCCAA TCT is found in several genes; This is 
replaced in plants by an AGGA box [Roa-Rodriguez, 2003). A third conserved 
element observed in some genes is the GC box with the sequence GGGCGG 
on the nontemplate strand, which is recognized by factor SP1. The CAAT and 
GC box sequences may occur in either orientation. The 8 bp octamer element 
with the consensus sequence A TTTGCAT is another ubiquitous upstream 
element. Although it is generally stated that promoters recognized by Pol II 
contain a TATA box and at least one other important element upstream there 
are many exceptions and indeed, about one half of the known Class II 
promoters in D. melanogaster are TATA-less [Arkhipova, 1995). The proximal 
promoter region of some genes such as C-eta and Cdc2LI genes is essential 
for gene expression even though they lack the canonical TATA, CAAT motifs 
and GC rich regions [Quan & Fisher, 1999; Kahle et al, 2005). 
Several TAF subunits recognize the core promoter element lnr found in 
numerous genes [Lago et al, 2004) where it overlaps the transcription initiation 
site [Kaufman & Smale, 1994]. It consists of a pyrimidine-rich sequence with 
the approximate consensus sequence YY(A+1 )N(T/A)YY [Javahery et al, 
1994]. In D. melanogaster, lnr occurs in the region -5 to +5 [Arkhipova, 1995); 
in plants it is located between -9 and +4 [Washburn et al, 1997]. In TATA box-
deficient promoters, lnr is functionally analogous to TATA and capable of 
directing basal transcription from the precise start site [Martinez et al, 1994]. In 
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many TATA-containing genes, the presence of lnr enhances promoter strength 
[Kaufmann & Smale, 1994). 
Several TATA-less genes contain a strand-specific, seven nucleotide 
downstream promoter element (DPE). In D. melanogaster it occurs 20 to 30 bp 
downstream of the start site [Burke & Kadonaga, 1997). A ±3 nucleotide 
change in distance between DPE and lnr resulted in a seven- to eight-fold 
reduction in transcription and reduced binding of TFIID. Mutational analysis of 
the DPE motif (A/G)G(A/T)CGTG showed the importance of this conserved 
sequence to basal transcription of these genes [Burke & Kadonaga, 1996). 
A later addition to the list of promoter elements is an element, which is 
recognized directly by TFIIB [Lagrange et al, 1998]. Positioned immediatly 
upstream of the TATA element, the TFIIB recognition element (BRE) has a 
putative consensus sequence (G/C)(G/C)(G/A)CGCC. It could play a part in 
determining directionality of the preinitiation complex [Reinberger et al, 1998). 
2.3. Promoter elements of class Ill genes 
The classical Type I and II genes transcribed by Pol Ill contain intragenic 
promoter elements. Type Ill genes contain promoters exclusively upstream of 
the coding sequence and still others are characterized by both intra- and 
extragenic elements [Huang & Maraia, 2001]. SS rDNA (Type I gene) is of 
particular interest to this study and therefore it will be reviewed in greater 
detail. 
2.3.1. SS rDNA 
Most SS rRNA genes are arranged in tandemly repeated arrays consisting of a 
conserved 120 bp gene alternating with a nontranscribed intergenic spacer 
(IGS). 
Brown and co-workers [Bogenhagen et al, 1980; Sakonju et al, 1980] 
demonstrated that the promoter of the 120 bp Xenopus laevis oocyte SS rDNA 
resides within approximately 34 bp of its coding region. Plasmid constructs 
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containing progressive deletions of the cloned gene extending from its 5' or 3' 
flanking region into the gene were tested for transcriptional activity. Deletions 
in the region +1 to +50 in the 5' half and +90 to +120 in the 3' half of the gene 
did not affect transcription and a transcript of the correct size (120 nt) 
extending into the vector sequence was produced. Transcription was abolished 
when the deletions extended further inwards from either side. 
In X.laevis SS rDNA, this internal control region (ICR) resides in a region 
spanning positions +50 to +90 [Yang & Heyes, 2003]. Linker scanning (LS) 
mutagenesis and point mutation analysis demonstrate that the ICR is 
multipartite, consisting of three functional domains - The A box covering 
positions +50 to +64 which is the conserved class Ill promoter domain, a 
second SS gene-specific domain, the C box encompassing base pairs +80 to 
+90 and an intermediate element (IE or I box) between positions +67 and + 72 
[Pieler et al, 1985, 1987]. 
In addition, SS rRNA genes contain elements in their flanking regions, which 
modulate transcription and conserved nucleotides within their coding region 
which are critical to transcription [Wolffe, 1994]. The 5' flanking sequences are 
an absolute requirement SS rDNA transcription in many species such as 
Arabidopsis thaliana [Cloix et al, 2003), Bombyx mori [Morton & Sprague, 
1984), Neurospora crassa [Selker et al, 1986), D. melanogaster [Sharp & 
Garcia, 1988), homo sapiens [Hallenburg & Fredriksen, 2001), nematodes 
[Nelson et al, 1998) and loach [Felgenhauer et al, 1990]. 
Wormington et al [1981] detected a 2-fold reduction in transcription upon 
substituting nucleotides -26 to -11 upstream of X. borealis somatic SS rDNA. 
This upstream region includes a conserved pentamer motif AAAGT (-18 to -14) 
overlapping a moderately conserved element Y-RRRR, both of which are 
found in SS genes of other Xenopus species. Similar template titration studies 
[Oei & Pieler, 1990) with X. laevis genes, where nucleotides -34 to +5 were 
replaced with plasmid elements resulted in a 4-fold reduction in transcription 
efficiency. 
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Conserved upstream sequence elements are also found in human, hamster 
and mouse 5S rDNA [Nielsen et al, 1993]. The D-box, GGCTCTTGGGGC 
occurs at position -32 to -21 in all three species and its deletion reduces 
transcription efficiency in vitro to 10%. Three human genes possess the Sp1 
binding sequence GGGCGG at positions -43 to -38 and another three contain 
an Sp1-like sequence GGGCCG in this region. All six genes contain another 
Sp1 binding site at position -245 and an activating transcription factor (ATF) 
[Bredow et al, 1990] recognition site at -202. In addition, Arnold et al [1987] 
found that transversion of the guanine residues at positions +87 and +89 
resulted in a 8-17% reduction in transcription. Similar effects were observed in 
X. laevis [Pieler et al, 1985] and D. melanogaster [Sharp & Garcia, 1988]. 
D. melanogaster mutants lacking a TATA motif at -39 to-26 show less than 
0.05% transcriptional activity. Nineteen genes in a cluster of twenty-four 5S 
rRNA genes containing a transition at position +86 were also transcriptionally 
inactive in vitro. [Sharp et al, 1984]. The Drosophila ICR deviates from the 
Xenopus paradigm in comprising four essential sequence elements located at 
+3 to +18, +37 to +44, +48 to +61 and + 78 to +98 [Sharp & Garcia, 1988]. 
An analysis of 5S rDNA transcription in A thaliana reveals that in addition to 
the tripartite ICR, major transcription control regions consisting of a TATA-like 
motif at positions -28 to -23, a GC sequence at -12 to -11, an AT rich region at 
-4 to -2 and a C residue at -1 are essential for accurate and efficient 
transcription [Cloix et al, 2003]; the TATA motif is important for re-inition rather 
than for single-round basic transcription. A TATA motif centred at -26 is also 
present in 5S rDNA of some other plants [Rafalski et al, 1982; Ellis et al, 1988; 
Hemleben & Werts, 1988]; in Matthiola & Vigna [Ellis et al, 1988; Hemleben & 
Werts, 1988] a conserved CCATATAT region occurs at position -31 to -24. 
However, most plant 5S rDNA do not contain a TATA box; rather, their 
common feature is the AfT content [Gerlach & Dyer, 1980; Frasch et al, 1989]. 
A generalized format for plant 5S rDNA extragenic promoter elements 
proposed by Venkateswarlu et al [1991] consists of a conserved C base at 
position -1, a G/C rich region centred at -13 and an AfT rich element centred at 
-26. The universality of the cytosine nucleotide one base before the start site 
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suggests that it may play a role in transcription initiation [Challice & Segall, 
1989); mutation of C to T decreases transcription by 70% in A. thaliana [Cloix 
et al, 2003). Nicotiana tabacum is an exception where C is substituted by T in 
most sequences [Fulnecek et al, 2002). 
Neurospora crassa 5S rDNA exhibits a TATA element (CfT)ATA(G/A) between 
-29 and -25 [Morzycka et al, 1985), which determines the transcription initiation 
site [Tyler, 1987). Similarly, an absolute requirement for a critical TATAT 
element (-28 to -24) has been reported in B. mori [Morton & Sprague, 1984). 
2.3.2. tDNA and other Type II genes 
The tDNA bipartite promoter consists of well separated, 10 bp A- and B-boxes 
which are the cognate sequences for binding of TFIIIB and TFIIIC [Sprague, 
1992; Hasegawa et al, 2003). The A-box is invariantly intragenic and has the 
consensus sequence TGGCNNAGTGG; the consensus sequence of B-box, 
which is mostly intragenic is GGTCGANNC. The sequence between A- and B-
boxes is not critical but the distance is important; transcription is prevented if 
the distance exceeds 100 bp, or the boxes are fused. Upstream sequences 
such as a CAA triplet at the transcription start site and a region of low duplex 
stability -30 bp upstream of the coding sequence also appear to affect start 
site selection as well transcription efficiency [Yukawa et al, 2000; Hasegawa et 
al, 2003). In the presence of upstream elements, deletion of the entire B Box 
and part of the A box, still allowed faithful initiation of the tRNAAla gene in B. 
mori [Larson et al, 1985) and tRNAser in X. laevis [Park et al, 1995). 
2.3.3. Type-Ill genes 
Pol Ill also transcribes other small nuclear RNAs (snRNA) which do not have 
an ICR; instead their promoters lie in the 5' flanking region and some have 
TATA motifs. Prototypes of this group include the human 7SK gene and the 
metazoan U6 snRNA [Mattaj et al, 1988; Lobo & Hernandez, 1989; Bredow et 
al, 1990). Promoters of these genes contain a conserved proximal sequence 
element (PSE) at around position -60 and a TATA sequence near position -30, 
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which curiously, is the key determinant for pol Ill specificity [Hernandez et al, 
1990). 
3. ENHANCER ELEMENTS 
Enhancers are cis-elements which stimulate (or repress) transcription. They 
differ from most other promoter elements in being orientation- and position-
independent of the start site [Muller et al, 1988); they can function from 
upstream, or downstream of the CDS, or downstream of the cap site, or from 
within the transcription unit [Gidekel et al, 1996). A typical model is the intron-
located enhancer of immunoglobulin kappa gene (VK) [Queen & Baltimore, 
1983), which lies 3 kb away from the gene and functions in either orientation to 
stimulate transcription from the VK promoter. The enhancer effect is 
independent of intervening promoters and not altered when the distance 
between the promoter and enhancer is varied from 1.7 kb to 17.7 kb [Atchison 
& Perry, 1986). 
Enhancer elements conferring spatial, temporal, or induced expression have 
been identified by loss/gain-of-function analysis [Donald & Cashmore, 1990; 
Atchinson & Perry, 1986; Murphy et al, 1989; Ellestrom et al, 1996; Gidekel et 
al, 1996; Ouwerkerk et al, 1999). When constructs containing these elements 
are expressed in plants, they often duplicate their characteristic pattern of 
expression [Benfey et al, 1990b]. The looping model proposed [Picard & 
Schaffner, 1984) to explain stimulation of transcription at the promoter by a 
remote enhancer has taken precedence over a scanning model proposed by 
Moreau et al [1981]. 
4. PROMOTER EXPRESSION 
The value of a promoter lies in its ability to initiate transcription, which 
culminates in the production of biologically active transcripts. This in turn 
depends on the presence of the appropriate promoter elements, transcription 
factors and a favourable chromatin configuration at the site of transgene 
insertion. The presence or absence of these factors determines the spatial, 
temporal, or null expression of a promoter. Therefore, a review of the process 
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transcription will be useful in interpreting the expression characteristics of 
promoters used in this study. Transcription is conveniently studied in two 
stages, namely, 
( 1) Basal transcription 
(2) Activated transcription 
4.1. Basal transcription 
Transcription is preceded by the formation of a stable, binary preinitiation 
complex (PIC) at the core promoter, whose primary function is to provide RNA 
polymerase specificity to the gene and position the enzyme at the appropriate 
site. 
4.1.1. Transcription initiation in Class I genes 
Two transcription factors, the upstream binding factor (UBF-1) and the 
promoter selectivity factor for Pol I (SL 1 in human) recruit Pol I to these 
promoters [Leblanc et al, 1993; Pikaard, 1994; Putnam et al, 1994]. 
Vertebrate SL 1 comprises TBP and three TBP associated factors [Comai et 
al, 1994]. In humans, UBF-1 by itself binds to and protects positions -75 to -
115; it also contacts the sequences around -21 in the core promoter. In the 
presence of UBF-1, SL 1, which by itself does not exhibit sequence-specific 
DNA binding activity, extends the region protected in DNase-1 footprints 
from -165 to +1. This results in the formation of a binary complex that binds 
UCE and the core promoter and facilitates binding by Pol I and the Pol I 
associated factors TIF-IA and TIF-IC. SL 1 probably confers polymerase 
specificity. Several other factors such as the core promoter binding factor 
(CPBF) may be also required for transcription initiation (Jacob, 1995). 
4.1.2. Transcription initiation in Class II genes 
Pol II requires at least six general transcription factors (GTF) for accurate 
initiation of transcription in humans [Reinberg et al, 1998]. Of these, TFIID 
consisting of TBP and 10-18 TAFs [Lago et al, 2004] is the core promoter 
recognition factor possessing a site-specific, DNA binding capacity. The 
initial step in PIC formation is the binding of TFIID to the TATA box by 
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means of TBP [Nikolov et al, 1992]. TFIIA associates with TBP to stabilize 
the TFIID-DNA complex. Subsequently, TFIID recruits TFIIB by interaction 
involving TBP and the amphipathic a helix domain of TFIIB. This DAB 
complex serves as a scaffold for Pol II escorted by TFIIF to enter the 
complex; Pol II is contacted by specific residues of TFIIB, while contacts 
with TFIIF is made by the zinc finger of TFIIB [Ha et al, 1995) This, is 
followed by the sequential association of TFIIE and TFIIH to complete PIC 
formation [Maldonado & Reinberg, 1995]. 
In more simplified systems, accurate transcription is achieved with just TBP 
and TFIIB alone [Parvin et al, 1994); some Drosophila genes are transcribed 
by a subset of the GTFs [Drapkin et al, 1995]. However, in the case of 
TATA-less, lnr-containing promoters basal transcription has an absolute 
requirement for GTFs to recruit TFIID (or TBP) to the core promoter and 
additional factors such as TFll-1, which bind directly to lnr elements 
[Martinez et al, 1994]. 
4.1.3. Transcription initiation in Class Ill genes 
4.1 .3.1. 5S rDNA 
More than 26 transcription factors involved in class Ill gene transcription 
have been purified [Huang & Maraia, 2001). Classical Pol Ill promoters rely 
on two GTFs and one initiation factor for transcription. It is suggested that 
TFIIIB [Kassavetis et al, 1991) is the true initiating factor in yeast, though 
not in H.sapiens [Weser et al, 2003), while TFIIIA [Yang & Hayes, 2003) and 
TFIIIC [Matsutani, 2004) are assembly factors. TFIIIA is regarded as the 
gene-specific factor since it binds to 5S rDNA even in the absence of other 
transcription factors [Brown et al, 1996; Wyszko & Barciszewska, 1997]. 
While very little is known about Pol 111 transcription in plants [Cloix et al, 
2003), S.cerevisiae has proved to be a good model applicable to most 
eukaryotic systems [Huang & Maraia, 2001]. The PIC in yeast commences 
with the sequestering of TFIIIA by the ICR where it binds to 3 sites within 
the A-, I- and C-boxes. This is followed by binding of TFIIIC to box A and 
box-C; footprinting shows that TFIIIC provides protection on both sides of 
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the region protected by TFIIIA [Geiduscheck & Kassavetis, 1995]. TFIIIC, 
then interacts through its N-terminal 165 amino acids with the amino-
proximal half of Brf and recruits it to the pre-initiation complex, which is 
followed by the recruitment TFII I 8" [Kassavetis et al, 1991 ]; this activates 
the DNA binding activity of TFIIIB, which by itself has low intrinsic affinity for 
DNA and positions it at the precise place to interact with Pol 111. TFIIIB binds 
non-specifically to the 5' region immediately upstream of the start point 
causing the DNA to bend. Along with Pol Ill which now joins the complex, 
TFIIIB and Pol Ill protect a region extending from position -40 to +15. The 
TFIIIB-DNA complex once established is difficult to disrupt and allows 
several rounds of reinitiation [Kassevetis et al, 1990]. 
The role of TBP in the transcription of TATA-less 5S rDNA has been 
resolved after several conflicting results. [White et al, 992; Willis, 1993]. The 
binding of TBP and thereby the TFIIIB assembly is thought to be brought 
about by protein-protein interaction involving Brf [Crighton et al, 2003), 
which binds directly with the N- and C- proximal lobes of TBP [Kumar et al, 
1998). Brf also binds to B" and represents the Pol Ill- specificity factor which 
recruits Pol Ill. 
4.1.3.2. tDNA 
In classical tRNA genes the core promoter elements are recognized by 
TFIIIC, and this is followed by the sequential binding of TFIIIB and Pol Ill. In 
yeast, TFIIIB acts as a true initiating factor because it can remain stably 
bound in a position-specific but sequence independent manner and facilitate 
Pol Ill recruitment [Wang & Roeder, 1995; Hasegawa et al, 2003). Using 
templates containing azido-substituted nucleotides at definite positions to 
crosslink polypeptides, Geiduscheck and co-workers [Bartholomew et al, 
1990) showed that at least four polypeptides of TFIIIC are bound to a region 
of 100 bp extending from -25 to most of the coding region (+75). The Brf 
and B" subunits of TFIIB crosslink to -40 to +1 in the 5' flanking region; Brf 
is closest to the start site and interacts with the 135 kD subunit of TFIIIC, 
which probably results in the stable binding of TFIIIB. 
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4.2. Activated transcription 
Activated promoter expression is regulated at least at four levels - primarily 
by the transcription machinery itself [Holstege et al, 1998], by gene-specific 
activators and repressors [Ptashne & Gann, 1997], by the chromatin 
architecture [Tsukiyama & Wu, 1997] and by promoter elements. 
4.2.1. Regulation by the transcription machinery 
Studies in S. cerevisiae provide a paradigm for activated transcription. In 
yeast nuclei, a considerable part of the class II transcription initiation complex 
exists as preassembled holoenzymes [Greenblatt, 1997; Myers & Young, 
1998]. Activators bind cooperatively to upstream sequences and recruit the 
initiation apparatus to the core promoter by interacting with subcomplexes of 
the holoenzyme [Kim et al, 1994]. Activator bypass experiments [Ptashne & 
Gann, 1997] and other studies [Vie et al, 1999] show that activators need to 
recruit only a few targets in the complexes to bring about the nucleation of a 
functional transcription complex. 
The composition of holoenzymes is variable; in yeast, it is made up of at least 
85 components [Holstege & Young, 1999] which include the core Pol II and 
nine SRB/mediator complexes, the SRB 1 O (suppressor of Pol II 
truncation)/CDK (cyclin-dependent kinase) complex, chromatin remodelling 
Swi/Snf complex, a variable number of TAFs [Shen & Green, 1997] and 
subsets of GTFs and associated TAFs [Thompson & Young, 1995]. The 
existence of multiple forms of holoenzyme [Barberis & Gaudreau, 1998], 
activator-specific TAFs [Chen et al, 1994] cell-type specific TAFs [Verrijzer & 
Tjian, 1996], multiple TBPs [Hansen et al, 1997] and functional TFIIDs lacking 
TBP [Wieczorek et al, 1998] and the fact that activators need to interact with 
only a few components of the complex to recruit the preinitiation complex 
[Gonzalez-Couto et al, 1997] suggest that the composition of transcription 
initiation complex may be a major area of regulation. Myers et al (1999] found 
that a mutant holoenzyme lacking mediator 2 in its SRB/mediator complex 
caused a loss of activation by the recombinant transcription factor Gal4-VP16, 
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but not by Gcn4, implying that different activators require different 
holoenzymes. 
4.2.2. Regulation by activators and repressors 
Development of complex eukaryotes requires differential transcription of over 
25,-35,000 protein coding genes [Schmidt, 2002; Ying & Lin, 2004] and 
expression of 3000 proteins in any given cell [Merrick, 2004] in precise spatial 
and temporal patterns. This is accomplished by employing combinatorial and 
synergistic control using a small number of ubiquitous, signal- and tissue-
specific activators [Alvarez et al, 2003] (and also small RNAs such as miRNA 
and siRNA). The rate of PIC assembly and its activity is largely mediated 
through sequence-specific activators that recognize cis-acting, upstream 
activator sequences (UAS) [Yie et al, 1999]. A distinct set of transcription 
factors bind to the UAS to give rise to a stereo-specific interface ("pocket"), the 
enhanceosome, which is complementary to target surfaces on coactivators 
and the transcription machinery. Specific interactions within the 
enhanceosome, as well as with components of the transcription machinery 
results in cooperative DNA binding and transcriptional synergy (Figure-1.1). 
Pzt Ill I I 
Figure-1.1. The enhanceosome (adapb~d from Carey, 1998~. Combinatorial action of 
chromatin remodelling factors, activators a_nd_ coact1~ators bou~d t~ the 
enhanceosome and interactions with the transcription machine'!' ~esult in ~ct1vated 
transcription. TAF-Transcription associated factor, TBP-TATA binding protein, CBP-
CREB binding coactivator protein. 
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The efficiency of these plant transcription factors depends on the degree of 
interaction with other transcriptional activators [Vie et al, 1999), the number 
and type of binding sites in the UAS [Schwechheimer, 1998), rate of nuclear 
transport, oligomerization and post-translational modifications [Meshi & 
lwabuchi, 1995]. 
The virus-induced expression of human interferonp (IFNP) promoter [Vie et al, 
1999], anthocyanin expression in plants [Lloyd et al, 1992; Koes et al, 1994), 
abscisic acid response during seed development [Foster et al, 1994; Carson et 
al, 1995; Busk & Pages, 1998], light, stress and hormone induced responses 
[Tabata et al, 1989; Meshi & lwabuchi, 1995] and floral development regulated 
by MADS-box genes [Mesenguy & Dubois, 2003] are classic examples of 
combinatorial and synergistic interaction within and between activators and the 
preinitiation complex. 
Repressors play a role opposite to that of activators. Johnson [1995] identified 
three types of repressors - those which repress by competitive DNA binding, 
by quenching and by direct binding to GTF. In competitive binding as 
exemplified by the fly engrailed homeodomain protein (En), activation of 
embryo developmental genes by fushi tarazu protein is repressed by En 
through occlusion of a common homeodomain binding site [Jaynes & O'Farrell, 
1991 ]. Quenching occurs when repressors co-occupy DNA sites with activators 
and in doing so compromise the activation surface of the activator [Johnson, 
1995]. Most eukaryotic repressors and corepressors appear to act directly on 
the unactivated transcription machinery by sterically blocking assembly, either 
directly or by recruiting another factor, or by preventing an isomerization step 
[Myers & Young, 1998; Crighton et al, 2003]. 
4.2.3. Regulation by chromatin 
Transcriptionally competent regions tend to have a diffused, nuclease-sensitive 
chromatin structure [King, 2002], while chromatin of inactive regions are highly 
condensed [Felsenfeld, 1992]. Nucleosomal repression is the commonest 
global mechanism for negative regulation of transcription of many apparently 
unrelated genes [Cunliffe, 2003]. It restricts access of transcriptional regulatory 
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proteins to promoters, and hence the use of matrix attachment region (MAR) 
sequences in some transformation protocols [Petersen et al, 2002; Girard et al, 
2004]. 
Several transcription factors are involved in changing chromatin structure to a 
repressive state such as the polycomb-group proteins, which repress homeotic 
genes in Drosophila [Zink & Paro, 1995; Wang et al, 2004] and the yeast Rap1 
protein implicated in mating-type silencing [Hecht et al, 1995] and telomeric 
silencing [Thompson et al, 1994]. In many genes, remodelling of the -200 bp 
histone octamer-bound nucleosome by protein complexes such as HMG 
proteins [Spiker, 1985], DEK protein, which binds preferentially to superhelical 
and cruciform DNA [Waldmann et al, 2004] histone acetylases and other 
enzymes [Logie & Peterson, 1997] is necessary [Giese et al, 1995] to permit 
binding of transcriptional activators in the region. In others, architectural 
proteins can be bypassed if strength of interactions can absorb the energy cost 
of DNA distortion. 
4.2.4. Regulation by promoter elements 
The modular elements that constitute the promoter such as the upstream 
elements, enhancer elements and in some cases 5' UTR and introns [Last 
et al, 1991] have a dramatic influence on activated transcription. This 
knowledge is used to tailor the expression of a promoter through deletion, 
duplication or mutation of one or more of its component elements. 
An exquisite example is the viral promoter CaMV 35S [Guiley et al, 1982; Roa 
Rodriguez, 2003]. The 35S promoter, consisting of 350 bp upstream of the +8 
position [Benfey et al, 1990b] has been used succesfully to drive constitutive 
chimeric gene expression in many plant species, including those which are not 
natural hosts of the virus. Dissection of the native promoter shows a modular 
organization of several cis-elements which when acting alone produce low or 
tissue-specific expression but together act combinatorially and synergistically 
to produce strong and constitutive expression. The promoter contains a TATA 
box at -31 to -25, a tandem repeat of the pentanucleotide TGACG separated 
by 7 bp between -82 and -64 responsible for root expression [Benfey et al, 
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1989], a functional homolog of the octopine synthase (OCS) enhancer element 
at -79 to -64 overlapping the TGACG elements [Bouchez et al, 1989], a CAA T-
like box at -85 whose deletion reduces transient activity to barely detectable 
levels and two proximal CAAT-like boxes at -64 and -57; three elements 
homologous to the SV40 core enhancer GTGGG(A/T)(A/T)(A/T)G occur at -
143 and -104 orientated in the forward direction, and one at-125 in the reverse 
direction whose deletion produces 80% loss of transient activity [Ow et al, 
1987]. Benfey et al [1990a,b] divided the B domain (-343 to -90) of the 
promoter into five subdomains (-343/301, -301/-206, -206/-155, -155/-106 and 
-106/-90) and used them in chimaeric constructs with the minimal CaMV 
promoter (-46 to +8) [Odell et al, 1985] or the A domain (-90 to +8) in 
transgenic studies; each subdomain displayed a different pattern of 
expression. A comparison of expression patterns conferred by each 
subdomain alone, in combination with the downstream domain, or in 
combination with other subdomains showed synergistic interactions among cis-
elements within the enhancer. 
The highly expressed and constitutive 300 bp early promoter of the 5243 bp 
SV40 genome is another multi-component structure [Zenke et al, 1986]. It 
contains an A/T-rich TATA-like element, two perfect 21 bp repeats containing 
multiple CCGCCC elements, a tandem duplication of a 72 bp enhancer 
sequence between -251 and -107 each repeat containing a 8 bp Pu/Py 
element GCATGCAT (Sph-motif) at -206/-199 and -133/-126 and a 8 bp core 
element GTGGAAAG at -247/-240 and -175/-168, respectively, followed by a 
distal 8 bp UN element ATGTGTGT that overlaps another core element 
[Weiher et al, 1983; Herr & Clarke, 1986]. Each functional element displays 
characteristic cell type-specific activity [Kanno et al, 1989; Macchi et al, 1989] 
but cooperate with one another synergistically to activate global transcription. 
In the human interferonp (IFNP) promoter, the enhancer contains four positive 
regulatory domains to which six distinct proteins bind cooperatively [Vie et al, 
1999]. Disruption to the precise context of the enhancer domains, or the 
absence/repositioning of an activator (except the architectural protein HMG 
1 (Y)) in vitro, abolishes synergy. 
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The synthetic, recombinant promoter pEmu [Last et al, 1991], which gives a 
high level of expression in monocots was constructed using multiple copies of 
cis-elements. The synthetic promoter comprises a cassette of six 42 bp 
anaerobic responsive elements (ARE) of maize and four 40 bp octopine 
synthase enhancers (OCS) of A. tumefaciens fused to a truncated maize 
alcohol dehydrogenase (Adh/) promoter containing the region -100 to +106 
which includes a TATA box, transcription start site, intron and ATG translation 
initiation codon (patent AU-64352182). 
5. PLANT TRANSFORMATION 
Once a suitable promoter is identified it should be tested for its biological 
efficacy in vivo. In preliminary promoter expression studies, organisms are 
usually transformed with chimaeric constructs containing the coding 
sequence of an assayable gene (reporter) under the control of the promoter 
and transformants are assayed for the gene product. 
The ectopic expression of the gene is generally studied in two phases - as 
transient expression and as stable expression. Transient expression occurs 
when a construct which has penetrated the nucleus/organelle of a viable cell 
expresses itself while in an extrachromosomal state; this usually happens 
within 48-72 hours of plant transformation [Russell et al, 1993]. Transient 
expression is regarded as a measure of a promoter's strength in the 
assayed tissue [Martinez-Trujillo et al, 2003] since it reflects the interaction 
of the promoter and transcription factors, free of chromatin constraints. 
Following transient expression, a proportion of the constructs become stably 
integrated in the host genome. Expression during this phase, referred to as 
stable expression is more complex to analyze since it is influenced by 
additional factors such as chromatin structure at the site of integration, the 
intergrity, copy number and orientation of the construct entering the host 
genome and epigenetic changes. 
Ideally, preliminary expression studies are best done in the host for which 
the promoter is intended. However, due to considerations such as the long 
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life cycle of a target crop and delayed phase changes (from vegetative to 
floral meristems), plants like Nicotiana spp., Arabidopsis and Petunia are 
often used in preliminary transformation studies. These model plants which 
have a short life cycle have proved to be resilient enough to mimic 
expression patterns in other plant hosts. In this study, because of its short 
duration stable expression studies were conducted in N. benthamiana. 
Two methods were used to transform plants in this study. 
5.1. Agrobacterium based transformation 
Several methods are available for transforming plants [Potrykus & 
Spangenburg, 1996]. Transformation mediated by the oncogenic, crown-gall 
phytopathogen Agrobacterium tumefaciens which elicits neoplastic growths 
on many plants is widely used in genetic transformation of most 
dicotyledonous and many tree species. Virulent strains of the bacterium 
possess a -200 kb tumour inducing plasmid (Ti-plasmid) from which they 
transfer a single stranded copy of a - 23 kb segment, the transferred DNA 
(T-DNA), nicked from the bottom strand of Ti-plasmid to the host nucleus. T-
ONA contains classical class II oncogenes roi (at the rooty locus) and shi (at 
the shooty locus) implicated in controlling hormone levels in tumour cells, 
and nos (nopaline synthase) or ocs (octopine synthase) opine genes. The 
transfer of T-DNA to the host is mediated mainly by (Vir) proteins of the 
virulence (vir) operons lying in a 30-40 kb region to the left of T-DNA. The 
ssT-DNA coated with VirE2 proteins and covalently bound at its 5' end to 
VirD2 protein is exported (mediated by VirB and VirE1 proteins) through 
three membranes to reach the host nucleus, where it integrates into the top 
strand of the host DNA possibly by non-homologous end joining [Puchta, 
2002]. Full integration of T-DNA into the host genome, which initially 
commences probably with synapses through micro-homologies allows these 
genes to be transcribed by plant RNA Pol II and this signals the onset of 
oncogenesis [Zambryski, 1993]. 
The T-DNA is flanked by 25 bp imperfect, direct repeats which are the only 
cis-element(s) required for the processing and transfer of T-DNA; any DNA 
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placed between these repeats will be imported into plant nuclei and function 
as T-DNA [Stachel et al, 1986; Zupan & Zambryski, 1997]. This knowledge 
is used to construct binary vectors for transformation where the gene(s) to 
be transformed is introduced between the left (LB) and right border (RB) 
repeats (or RB only) and transfer functions for mobilizing the recombinant T-
ONA are provided in trans [An, 1985]. When an appropriate (disarmed) 
strain of A.tumefaciens containing the binary construct comes in contact 
with 'wounded', competent host cells, vir functions are induced by signal 
transduction resulting in transport of the recombinant T-DNA to host nucleus 
[Zupan & Zambryski, 1997]. 
Conifers and many monocotyledonous plants (the Graminae in particular), 
fall outside the natural host range of Agrobacterium and have proved to be 
recalcitrant to transformation by Agrobacterium, although in recent times 
successful transformation of rice [He et al, 2003], maize [Ishida et al, 1996], 
wheat and sugarcane [de la Riva et al, 1998] has been achieved. Birch 
[1997] believes that the problem lies in the competency and regenerability of 
host cells and not in the delivery of T-DNA [Grimsley et al, 1987], or 
integration [Narasimhulu et al, 1996], or expression [Shen et al, 1993]. 
Faced with this difficulty, much effort has been directed towards developing 
alternate methods for direct DNA delivery such as electroporation of 
protoplasts or intact tissue [Fromm et al, 1986; Dekeyser et al, 1989], 
polyethylene glycol (PEG) treatment of protoplasts [Shillito et al, 1985] and 
high-velocity bombardment of DNA coated microprojectiles into cells or 
intact tissue [Sanford et al, 1993]. Some dicotyledonous plants, which are 
not amenable to Agrobacterium-mediated methods because of host-
specificity restrictions [Hinchee et al, 1988] or tissue culture limitations 
[Umbeck et al, 1987] may also be transformed using such methods. 
5.2. Biolistic transformation 
Particle bombardment technology is still the primary means of transforming 
pine [Charity et al, 2005; Gould et al, 2002] and several variants of the 
method exist [McCabe & Christou, 1993; Oard, 1993; Vain et al, 1993]. In 
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the biolistic (biological ballistic) method of DNA delivery introduced by 
Sanford and co-workers [Klein et al, 1987] and still used in pine, DNA is 
adsorbed onto microprojectiles (microcarriers) of gold or other inert metal in 
the presence of the polyamine spermidine and Cac12. Microcarriers are 
propelled at high velocity into target plant tissue by a shockwave created by 
compressed helium gas. Target cells or explants are often anchored in a 
medium such as agar, or on a support such as filter paper to absorb the 
shock of bombardment [Klein et al, 1987). Penetration of the tissue is a 
random event and some of the projectiles enter the nucleus to release the 
bound DNA by desorption. During this extra-chromosomal phase the 
exogenous DNA comes under the control of the host's transcription 
machinery and expresses itself transiently. Some of this DNA may later 
stably integrate into the chromosomal DNA to give rise to stably transformed 
cells. 
Efficiency of transformation is generally low because only a fraction of the 
bombarded cells may be penetrated. Iida et al [1990) observed that 
transient expression in bombarded suspension culture cells was of the order 
of 1-3 x 1 o-3; transiently expressing cells appear to correspond to those 
cells in which the particle had entered the nucleus [Yamashita et al, 1991). 
Stable transformation is at least one to two orders lower ie. < 5 x 1 o-4 
[Russell et al, 1993). This promoter-independent reduction may be mainly 
due to cell death caused by mechanical damage inflicted by 
microprojectiles. Plant cells usually form a callose plug at the point of injury 
as early as 1 O minutes after injury [Nims et al, 1967). Hunold et al [1994) 
observed that 98-99% of bombarded maize cells failed to close the lesion 
and succumbed to slow death within the first 48 hours. 
5.3. Reporters 
A convenient way to monitor promoter activity in transformed plants is to 
incorporate reporter genes into constructs containing the putative promoter. 
Reporter genes such as p-glucuronidase (gus) of Escherichia coli [Jefferson 
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et al, 1987], luciferase (Jue) [Suzuki et al, 2005] and green fluorescent 
protein (gfp) of Aequorea victoria [Chalfie et al, 1994] produce easily 
assayable products. They differ in their sensitivity of detection; >100 
molecules of GUS and >10,000 molecules of GFP need to be present in a 
cell for signal detection [Kohler, 1998]. The level of transient expression of 
the reporter is widely used to compare promoter activity [Martinez-Trujillo et 
al, 2003]. 
6. TRANSFORMATION AND GENE DOWN REGULATION 
A potential application of transformation is in the selective down-regulation 
of endogenous gene expression to enhance crop performance. For 
example, a pine promoter selected in this study can be used to attenuate 
components of the lignin biosynthesis pathway to produce designer-wood of 
different industrial characteristics. Similarly, loss-of-function of genes 
associated with male cone formation can ablate pollen production and 
prevent spread of transgenic pollen to wild-type populations. Another 
significant use of gene down-regulation is in functional genomics where 
functions of novel genes are studied by targeted gene-knockouts. 
Down regulation of specific characters can be accomplished in different 
ways. Zamecnik and Stephenson [1978] used an oligonucleotide (DNA) 
complementary to 13 nucleotides of the reiterated 3' and 5' terminal 
sequences of Rous sarcoma virus RNA to inhibit viral replication in infected 
fibroblast cultures. Another approach is the use of triple helix (triplex) 
formation [Volkmann et al, 1995]. The antisense RNA technology is widely 
used in plants. This, however, has been superseded by dsRNA-mediated 
post-transcriptional gene silencing (PTGS) or RNA interference (RNAi) 
technology, which provides more consistent results. Both methods were 
used in this study. 
6.1. Antisense RNA strategy 
The antisense RNA (as-RNA) strategy is similar to the endogenous 
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mechanism observed in several biological systems. An as-RNA forms 
complementary Watson-Crick pairing with bases of a target gene's RNA 
[Nellen & Lichtenstein, 1993]. The RNA duplex [Kim & Wold, 1985] is 
thought to be responsible, at least in part, for blocking target RNA 
maturation, transport, or translation [Van der Krol et al, 1988] possibly by 
steric hindrance or by recruiting dsRNA-specific RNases. In E.coli, 
replication of ColEI type plasmids is negatively controlled at the origin by an 
untranslated species of RNA (RNA I) which hybridizes with the primer 
precursor RNA 11 with which it shares a 106 base complementarity 
[Tomizawa, 1986]. Translation of P22 antirepressor protein in Salmonella 
phage P22 is inhibited by sar RNA (small as-RNA) which is complementary 
to the Shine-Delgarno sequence of antirepressor mRNA. mRNA of the 
constitutively expressed eb4-psv (pre-spore vesicle) gene of the slime 
mould Dictyostelium discoideum accumulates in aggregating cells, but is 
unstable in disaggregating cells where a developmentally regulated as-RNA 
derived from the same locus is detected [Hilderbrandt, 1992]. Induced 
murine erythroleukemia cells accumulate an induced as-RNA involved in the 
post-transcriptional down regulation of P53 [Khochbin & Lawrence, 1989]. 
Maize has an RNA complementary to a-tubulin mRNA which is expressed in 
tissues where a-tubulin mRNA is present at low levels [Dolfini et al, 1993]. 
Regulation by antisense RNA is achieved by direct introduction of antisense 
RNA into cells [lzant & Weintraub, 1984; Melton, 1985] or more commonly 
by generating antisense RNA in vivo. The latter involves transforming an 
organism with gene constructs containing the whole, or a part of the 
transcribed region of the target gene in reverse orientation. When integrated 
into the genome, the construct can be expected to provide sustained 
generation of antisense RNA. This method was used successfully to down-
regulate polygalacturonase by 99% to delay fruit softening and increase 
shelf life of tomato [Smith et al, 1990], granule-bound starch synthase to 
produce amylose-free potato, cinnamyl alcohol dehydrogenase (CAD) to 
abolish lignin synthesis [in Mol et al, 1990] and chalcone synthase to reduce 
flower pigmentation [Van der Krol, 1988]. 
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In several bacterial genes, the most effective antisense RNA appears to be 
complementary to the 5' region, which generally includes the translation 
initiation site. In eukaryotes, however, a clear pattern has not emerged. 
Some authors have used sequences from the 5' untranslated/ORF region 
[lzant & Weintraub, 1985; Melton, 1985; Chang & Stolzfus, 1987; Dwivedi, 
1994; Klann et al, 1996; Euch et al, 1998] and others from the 3' UTR/ORF 
region [Chang & Stolfus, 1987; Van der Krol et al, 1990a; Bourke & Folk, 
1992; Temple et al, 1998], or from full length cDNA [Samac & Shah, 1994; 
Halpin et al, 1994; Landchutze et al, 1995; Shintani et al, 1997; Keller et al, 
1999]. Some studies have found the 5' region to be ineffective or less 
effective than the 3' region [Van der Krol, 1990a; Bourke & Folk, 1992] and 
in others the 3' region was ineffective [Melton, 1985]. 
The failure of antisense constructs selected from a different region of the 
gene to effect down-regulation, discrepancies in lengths of constructs used 
and intransigence of some genes to antisensing suggest that the 
mechanistic basis for antisensing is not merely b~se complementarity. 
Studies in prokaryotes suggest a possible role for high-order RNA structures 
and accessory proteins in enhancing or preventing RNA hybridization. A 
single-stranded loop in the secondary structure of RNA I may be an 
important determinant in hybrid formation with mRNA of RepAI in 
suppressing FIi type plasmid replication in E.coli [Womble et al, 1985]. The 
low response of ompA (outer membrane protein) to antisensing is thought to 
be due to the propensity of ompA mRNA to form tertiary structures which 
render it resistant to hybridization with antisense RNA [Coleman et al, 
1984]. The base paired region of bacterial ompF mRNA and antisense mic 
RNA (mRNA interfering complementary RNA) is stabilized by flanking stem-
and-loop structures [Mizuno et al, 1984]. ColEI encoded protein Rom is 
required to stabilize RNA 11:antisense RNA I duplexes in a stable complex 
[Tomizawa, 1990]. Similarly, in snRNP (small nuclear ribonucleoprotein) 
mediated splicing, proteins mediate hybridization of U1 RNA and pre-mRNA 
at the splice site [Lewin, 1997]. 
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In addition, antisense constructs may be also subject to same selection 
pressure in viva as sense constructs [Mol et al, 1990]. Although specific 
examples are lacking, it is reasonable to speculate that antisense 
transgenes are prone to effects of methylation, copy number and 
chromosomal position as are sense transgenes. Examples from sense gene 
transformation would help to illustrate this point. When the promoter inserts 
into a chromosomal region of different isochore context it may lead to 
methylation of CG or CAG islands in the promoter; such methylation is 
invariably associated with gene silencing. Maize A 1 gene was transformed 
into white flowering petunia to produce pelargonidin derivatives of different 
colours [Meyer et al, 1987]. Following a period of high light intensity and 
elevated temperatures, transgenic petunia producing fully pigmented 
flowers produced new flowers that were weakly coloured. Instability of A1 
transgene in single-copy transformants was found to be associated with 
methylation of the introduced DNA; hypermethylation was restricted to the 
transgene while the flanking plant DNA remained hypomethylated [Meyer & 
Heidmann, 1994]. Biolistics, and to a lesser extent Agrobacterium mediated 
transformation produce mutiple inserts in the host genome which can result 
in its silencing by methylation. Gelvin et al [1983] observed that T-DNA was 
inactivated in tumour lines of tobacco containing multiple copies of T-DNA. 
Inactivation was associated with hypermethylation of T-DNA and could be 
reversed by treatment with 5-azacytosine [Hepburn et al, 1983]. Similar 
repeat-induced gene silencing (RIGS) was demonstrated by increasing copy 
number of a transgene at a single locus in Arabidopsis [Assaad et al, 1993]. 
Until the underlying mechanism of antisense regulation is understood it may 
not be possible to define a universal as-RNA structure. It has to be done on 
a case-by-case basis, based on the gene region to be targeted, length of 
RNA hybrid and the potential of antisense transcript to form secondary 
structures. 
6.2. RNA interference (RNAi) strategy - dsRNA induced gene silencing 
The mechanistic basis of gene silencing mechanisms such as post-
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transcriptional gene silencing (PTGS) [Hamilton & Baulcombe, 1999] used 
as a defensive mechanism against plant viruses, or cosuppresion which 
results in silencing of transgene and/or endogenous gene in plants [Van der 
Krol, 1990b] and quelling in fungi [Cogni et al, 1996] has long remained in 
the realm of speculation. For example, a deep violet flowering line of petunia 
transformed by petunia chalcone synthase gene (chs) gave several 
transformants bearing variegated flowers. When petals of these flowers 
were analysed, the steady-state level of chs mRNA was highly reduced in 
the white sectors of petals compared to the coloured sectors even though 
both had comparable mRNA in run-on experiments [Van der Krol et al, 
1990a]. Kooter et al [1999] observed the extreme stoichiometric differences 
between antisense-chs (as-chs) and sense-chs transcripts in petunia 
transformed with as-chs and suggested an RNA titration model based on 
dsRNA to explain gene silencing (cosuppression) by substoichiometric 
levels of as-RNA. Later work by Mellors and co-workers [Bartel, 2004] shed 
light on the role of small interfering RNAs (siRNA), a class of small RNAs 
which display length and functional heterogeneity [Hamilton et al, 2002], in 
these highly conserved and related gene silencing phenomena. 
Microinjection of dsRNA into C. elegans gut cytoplasm [Fire et al, 1998] was 
observed to have a profound impact on gene silencing; so was the feeding 
of worms with E.coli engineered to produce dsRNA, or soaking worms in 
dsRNA solution [Timmons & Fire, 1998; Tabara et al, 1999]. This effect 
termed RNA interference (RNAi) provides a paradigm for gene 
silencing/mRNA turnover mechanisms (Figure-1.2). 
The process is initiated by long [Fire et al, 1998] or short dsRNA [Martinez 
et al, 2002] of endogenous (from retroelements, transposons, highly 
repeated sequences, pseudogenes and intergenic regions) or exogenous 
origin (viruses, transgenes). The dsRNA is processed into 21 to 25nt 
symmetric or asymmetric siRNA duplexes [Tang, 2005] possessing 5' 
phosphate and 3' hydroxyl termini with a 2nt overhang at the 3' end by an 
RNase Ill-like ATP-dependent dsRNA-specific enzyme(s), called dicer 
(OCR) in animals and insects [Bernstein et al, 2001; Lee et al, 2004] or 
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dicer-like enzyme (DCL) in plants [Tang et al 20031. . A . . , , 1n rabidops1s there 
Figure-1.2. A schematic of RNAi (Adapted from Kulinska et al, 2003). The dsRNA 
is processed by dsRNA-specific dicer to siRNA. The siRNA becomes incorporated 
into the RNA-induced silencing complex (siRISC) where the helicase unwinds the 
duplex siRNA. The siRISC* may contain either the sense or antisense ss-siRNA. 
An siRISC* containing the antisense ss-siRNA targets- the mRNA for cleavage. 
RdRp - RNA dependant RNA polymerase. 
are at least four nuclear or cytoplasmic DCLs, each probably associated with a 
different size class of siRNAs [Papp et al, 2003], or with maturation of siRNA or 
miRNA, which follow distinct pathways [Ying & Lin, 2004]. The siRNA becomes 
incorporated into a multisubunit, ribonucleoprotein complex known as the 
RNA-induced silencing complex (siRISC) or RISC loading complex (RLC) 
[Tang, 2005]; unwinding of the siRNA duplex mediated by a RISC RNA 
helicase results in the formation of an active siRISC (siRISC*) complex 
[Kulinska et al, 2003]. A cleaving form of siRISC* containing ss-siRNA of the 
21-22nt size class [Bartel, 2004], targets specific mRNAs sharing sequence 
complementarity with the guide strand of siRNA [Hutvagner & Zamore, 2002]. 
Its endonuclease slicer, an argonaute protein, cleaves the transcript between 
residues 1 O and 11 from the 5' end of siRNA complementarity [Elbashir et al, 
2001]. Mutations in the central and 5' region of shRNA lead to pronounced 
reduction in siRNA function [Pusch et al, 2003]. 
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The processing of short hairpin constructs (shRNA) used in this study and in 
mammalian knockouts, however, may be different and may not involve dicer 
or drosha [Dykxhoorn et al, 2003], the nuclear RNase which processes pri-
miRNA [Ying & Lin, 2004]. Similarly, promoter methylation often associated 
with PTGS is possibly caused by a different class of RISC. The RNA-
induced initiator of transcriptional gene silencing (RITS) is a RISC-like 
complex that directs chromatin remodelling; it contains OCR-generated 
siRNA and the argonaute protein and functions in heterochromatin silencing 
by binding to heterochromatin loci [Zilberman et al, 2003; Verdel et al, 2004] 
In C. elegans [Sijen et al, 2001], N. crassa [Cogni & Macino, 1999] and A. 
thaliana [Dalmay et al, 2001] one or more RNA-dependent RNA polymerase 
(RdRp) perpetuate the siRNA pool by cyclic amplification resulting in a 
population of secondary siRNA. The RdRp is primed on the target mRNA 
template by existing siRNAs to produce secondary siRNAs whose antisense 
strands are complementary to an upstream part of the initially targeted 
mRNA segment [Xie et al, 2004] or outside the region of homology [Klahre 
et al, 2002]. 
Plant siRNAs that are induced locally can spread cell-to-cell or systemically; 
they migrate through the plasmodesmata and the vascular system to reach 
distal tissues, their movement often facilitated by siRNA binding proteins 
[Yoo et al, 2004]. Similarly, RNAi spreads systemically in C. elegans. RNAi 
is also inherited by the offsprings in C.elegans; the inheritance is 
independent of the presence of the target locus in the progeny [Grishok et 
al, 2000]. 
RNA induced gene silencing can be effected in several ways [Dykxhoorn et 
al, 2003]. In vitro transcribed dsRNA [Donze et al, 2005] or synthetic siRNA, 
or siRNA generated in vitro by fragmenting long dsRNA with recombinant 
OCR [Buchholz et al, 2005] can be directly introduced into cells; or cells can 
be transformed with vectors containing tandem promoters that express the 
sense and antisense strands of the dsRNA from separate transcription 
units. 
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Very efficient gene silencing in plants is achieved by expressing self-
complementary hairpin RNAs (hpRNA) within two complementary regions 
separated by a spacer [Pandolfini et al, 2003]. The hairpin is generally an 
inverted repeat of a 300-600bp fragment of the target gene sequence. The 
frequency of silencing is dramatically increased when an intron is used as 
the spacer and this led to the development of intron-spliced hairpin RNA 
(ihpRNA) constructs [Helliwell & Waterhouse, 2003]. A 90% reduction in 
GUS expression in gus transformed rice was obtained with a Ubi-gus 
ihpRNA construct [Wesley et al, 2001]. Potato virus Y {PVY) infection was 
completely suppressed in tobacco transformed with a CaMV-ihpRNA 
construct targeting the niaprotease gene of PVY genome [Smith et al , 
2000]. Expression of the ethylene signalling (EIN2) and flower repression 
(FLC1) genes in Arabidopsis was completely suppressed by CaMV 35S-
ihpRNA [Wesley et al, 2001]. Pandolfini et al [2003] used rolC promoter 
driven ihpRNA to target plum pox virus polyprotein where 80% of inoculated 
plants were virus free and 20% had only mild symptoms. The alcohol-
inducible promoter-ihpRNA of Lo et al [2005] gave 100% silencing of gus 
transcripts. 
In mammals and zebrafish, however, when dsRNA longer than 30nt is used 
for RNAi it results in activation of the dsRNA-dependent protein kinase 
(PKR) leading to general blockage of protein synthesis. Short hairpin RNA 
(shRNA) cassettes were developed to circumvent this interferon response. 
They often make use of RNA Pol Ill promoters such as U6 promoter, H1 
promoter and tRNAvai promoter [Kim, 2003]. The shRNA expression 
cassette consists of a Pol 111 promoter followed by a 19-29nt gene-specific 
targeting sequence separated by a short spacer (loop) sequence of 9-12nt 
from the reverse complement sequence and terminating in a run of 
thymidine residues. The advantage of Pol Ill transcription system is that it 
allows the production of very short RNAs (shRNA) which terminate at 3-4 
uridine residues. 
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7. OBJECTIVE OF THE STUDY 
Almost all promoters that are used in the molecular transformation of pine 
since it commenced in New Zealand a decade ago are of heterologous origin, 
because endogenous pine promoters are still not available in the public 
domain. Promoters such as CaMV 35S promoter and its enhancer added 
version, maize ubiquitin promoter, pEMU and chs were selected based on their 
strong performance in their respective biological systems and also in transient 
expression assays in undifferentiated pine tissue [Walter et al, 1997]. 
From the discussion above, it can be anticipated that heterologous promoters 
may not perform to the same extent in pine as in their homologous systems 
due to differences in quality and/or quantity of regulatory factors. In the case of 
CaMV 35S promoter, which is routinely used in pine transformation there is an 
additional concern regarding its pathogen origin [Walter et al, 1997]. 
Furthermore, heterologous constructs may be open to silencing mechanisms 
that operate in plants against invasive DNA [Henikoff & Comai, 1998; Matzke & 
Birchler, 2005]. For instance in transgenic cotton bred to produce Bt (Bacillus 
thuringiensis) toxin under the control of CaMV 35s promoter against 
bollworms, it was observed that CaMV 35s promoter is silenced as the crop 
matures as a result of which Bt toxin expression is switched off [Llewellyn, 
CSIRO 2003]. Pine is grown for 25-30 years before it is milled and it will be 
catastrophic if a promoter used in its transformation ceases to be active 
midway through its growth. Many of the heterologous promoters that have 
been used in New Zealand are yet to be evaluated for their longevity since 
even the earliest pine transformants are barely 9 years old. 
In view of these concerns, a pine promoter selected on the basis of its strength 
and expression pattern is preferred to a heterologous promoter for pine 
transformation. Since it is endogeneous to pine, its longevity can be quickly 
assessed by assaying non-transgenic plants of different ages for its gene 
product ie. there is no time lag as in the case of heterologous promoters which 
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have to be first transformed into pine and the transformants then grown to the 
required stage. 
The aim of this study is to isolate highly expressed, endogenous promoter(s) 
from pine, which can be used to transform pine for global or stage/tissue-
specific expression. Even though a great deal of work has been done in pine to 
identify genes and study gene expression, there is hardly any information 
available in the public domain that can be used to analyse the pine genome or 
its transcriptome. The approach taken in this study was to use heterologous 
sequence information to screen the pine genome or its transcriptome for 
orthologs with desirable expression features. 
This can be done in one of several ways. The transcriptome can be screened 
with cDNA probes of heterologous candidate genes to confirm the expression 
pattern of their pine orthologs and then gene orthologs with the desired 
expression features can be isolated from the pine genome. Another approach 
is that taken in this study with the Pol Ill transcribed 5S rDNA gene family, 
where its multi-copy genes have nearly identical coding regions which display 
only 1-2 base differences and whose transcripts are indistinguishable. In this 
instance, a suitable member of the gene family was first isolated from the 
genome and then its expression characteristics were evaluated in transient 
and stable expression studies by forward and reverse genetics. Other 
candidate genes considered in this study include some single-copy genes 
which are strongly expressed in other plants and highly expressed members of 
housekeeping gene families such as actin and tRNA. 
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CHAPTER 11 
MATERIALS AND METHODS 
1. PLANT NUCLEIC ACID EXTRACTION 
1.1. RNA extraction 
Total RNA was prepared by the method of Chang et al [1993]. Plastic-ware 
was treated with CHCl3 and autoclaved. DEPC was added at 0.1 % (v/v) to 
water and all solutions. Frozen tissue was homogenized to a fine powder. A 
one gram aliquot was incubated with 13ml of RNA extraction buffer at 65°C. 2-
~ mercaptoethanol (ME) in the extraction buffer prevents oxidation of phenolic 
compounds and Polyvinyl-pyrrolidone (PVP) adsorbs polyphenols. 
Cetylytrimethylammonium bromide (CTAB) solubilizes cell membranes and 
complexes with nucleic acids, separating them from polysaccharides and 
phenolic compounds; NaCl at 2 M concentration helps to eliminate 
polysaccharides and Proteinase K degrades cellular proteins. The homogenate 
was extracted with chloroform:isoamyl alcohol (24:1) and the RNA was 
precipitated with 1/4 volume 10 M LiCI overnight at 4°C and pelleted by 
spinning the tubes at 12,000 rpm for 30 minutes (') at 4°C. The pellet was 
resuspended in 500µ1 saline saturated SDS-Tris EDTA (SSTE) and extracted 
with CHCl3:isoamyl alcohol mixture. RNA was precipitated with 1/10 volume 3 
M sodium acetate (NaOAc), pH 8 and 2 volumes ethanol. 
1.2. Genomic DNA Extraction 
DNA was extracted by the method of Doyle & Doyle [1990]. Frozen tissue was 
homogenized and 1 g was incubated with 13ml of DNA extraction buffer at 
55°c. The homogenate was extracted with chloroform:isoamyl alcohol (24:1) 
mixture and the supernatant containing the nucleic acid-CTAB complex was re-
extracted. The DNA was precipitated with an equal volume of cold (-20°C) 
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isopropanol (IPA), washed with 95% EtOH and air-dried. Residual 
polysaccharide contaminants were removed by a salt wash in 10ml 1 M NaCl. 
1.3. Nuclear DNA isolation 
(a) Floraclean ™ (QBiogene) kit was used as per manufacturer's instructions. 
One gram of tissue was ground in liquid nitrogen, transferred to a Dounce 
homogenizer containing 10ml cold nuclear buffer and homogenized till the 
plunger passed smoothly. The homogenate was filtered through four layers of 
muslin and the filtrate centrifuged at 3500 rpm for 20' at 4°C. The supernatant 
was discarded and nuclei resuspended gently in 5 ml nuclear buffer and 
recentrifuged twice as above. The nuclei were lysed by resuspending the pellet 
in 1.5 ml nuclear resuspension buffer and adding 100µ1 nuclear lysis solution. 
The mixture was incubated at 55°C for 30'. A 25µ1 aliquot of protease mix was 
added and incubation was continued at 55°C for 4 hours. 500µ1 'salt-out' 
mixture was mixed with the lysed nuclei and incubated overnight at 4°C. The 
mixture was spun at 13000 rpm for five minutes and the pooled supernatant 
was transferred to a Corex tube, diluted with 2 ml water, and mixed with 8 ml 
EtOH and incubated at -70°C overnight. Tubes were centrifuged at 13,000 rpm 
for 20' and the pellet was air dried and dissolved in 100µ1 TE. 
(b) In a modification of the method of Murray and Thompson (1980), 1g of 
frozen tissue in liquid nitrogen was ground to fine powder and added to 40ml 
extraction buffer in a dounce homogenizer on ice. The mixture was stirred with 
a glass rod until all tissue was wet and then homogenized with 4-10 passes of 
the plunger. 400µ1 of NP-40 was added, mixed with the homogenate and the 
mixture filtered through four layers of muslin. The filtrate was centrifuged for 
five minutes at 4°c and the pellet resuspended in 4ml ice-cold wash buffer. 
40µ1 NP-40 was added, mixed well and centrifuged at 4000 rpm for three 
minutes. The nuclear pellet was resuspended in 1ml wash buffer and allowed 
to come to room temperature. The suspension was transferred to a microfuge 
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tube, mixed with 200µ1 5% sarkosyl and incubated at room temperature for 30'. 
200µ1 5 M NaCl was added and mixed by inversion; this was followed by 
adding 160µ1 1% CTAB/0.7 M NaCl. The mixture was mixed by inversion and 
incubated at 60°C for 1 O'. A 1.56ml aliquot of CHC13:isoamyl alcohol mixture 
was added, mixed by inversion and centrifuged at 12,000 rpm for 15' at room 
temperature. Two-thirds volume of propanol (-20°c) was added to the 
supernatant and incubated at -20°C for 1 O'. Tubes were centrifuged at 5000 
rpm for 1 O' to pellet the DNA Pellets were washed with 70% EtOH air-dried 
' 
and resuspended in TE buffer. 
2. PLASMID DNA ISOLATION 
2.1. Alkaline lysis method 
Plasmid DNA was extracted according to Birnboim & Doly [1979]. Fresh Luria-
Bertaini (LB) medium [Ausabel et al, 1998] was inoculated with an overnight 
culture of bacteria and shaken overnight at 225 rpm. Thirty milliliters of the 
culture was spun at 1 O,OOOrpm for 5minutes (') at 4°C. The pellet was 
resuspended in 2ml ice-cold resuspension buffer. A 4ml aliquot of freshly 
prepared lysis solution containing 0.2N NaOH and 1 % SOS was added and 
incubated on ice for 5'; three milliliters of neutralizing solution was added, 
incubated on ice for 5' and centrifuged at 12,000rpm for 25'. RNase A was 
added to to the supernatant at a final concentration of 20µg mr1 and incubated 
at 37°C for 20'. The preparation was extracted twice with Tris-EDT A (TE) 
saturated phenol-chloroform (1: 1) and the DNA was precipitated in 2.5 volumes 
of ethanol. 
2.2. Wizard™ [Promega] DNA purification system 
Plasmid was isolated essentially by the alkaline lysis method and then purified 
using Promega™ DNA purification resin. A 100ml aliquot of overnight culture 
was pelleted by centrifuging at 8000 rpm for 1 O' at room temperature. The cell 
pellet was resuspended in 15ml resuspension buffer containing RNase A at 
100µg mr1. Fifteen ml lysis solution was added, followed by 15ml neutralizing 
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solution, mixed immediately and the tube spun at 14,000 rpm for 15' at room 
temperature. The supernatant was filtered through Whatman® #1 filter paper; 
0.5 volume IPA was added to the filtrate and centrifuged at 14,000 rpm for 15'. 
The DNA pellet was dissolved in two ml Tris-EDTA buffer and mixed with 10ml 
resin-guanidium hydrochloride slurry and loaded onto a maxicolumn. A vacuum 
was applied to the column and the column washed with 25ml wash solution. 
The resin was rinsed with 5ml 80% EtOH and the column centrifuged in a 50ml 
falcon tube at 2,500 rpm for 5'. The resin was dried under vacuum for 5'. A 
1.5ml aliquot of water preheated to 70°C was added and after 1 minute the 
tube was centrifuged at 2,500 rpm for 5' to elute the DNA. 
2.3. Alkaline-lysis/PEG procedure 
A modified alkaline-lysis method was adopted to produce supercoiled plasmid 
DNA for cycle sequencing. The preparation contains. Bacteria was grown in 
Terrific broth resulting in a 8-fold increase in bacterial yield [Tartof & Hobbs, 
1987]. The bacterial pellet from a 30ml culture was resuspended in 4ml lysis 
buffer and 6ml NaOH:SDS was added and mixed till the solution cleared. A 6ml 
aliquot of KOAc was added and incubated on ice for 5' before centrifugation. 
Following RNase A treatment, the supernatant was extracted twice with CHCb. 
The DNA was precipitated using IPA and immediately centrifuged for 10' at 
room temperature. The DNA pellet was washed with 70% EtOH and dried. The 
pellet was dissolved in 32µ1 nuclease-free water and 8µ1 4 M NaCl and 
(followed by) 40µ1 autoclaved 13% PEG-8000 were added and mixed well. The 
mixture was incubated at 4°C for 20' and centrifuged at 12,000 rpm for 15' at 
4°C to pellet the DNA. 
2.4. Boiling method 
The rapid plasmid preparation method [Ausabel et al, 1998] was used to 
screen large numbers of clones. A 1.5ml aliquot of an overnight bacterial 
culture was spun down and the pellet resuspended in 200µ1 STET. The 
suspension was boiled for 1' and centrifuged for 1 O' to pellet denatured cellular 
and chromosal debris which was removed with a tooth pick. 1/10 volume 3M 
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NaOAc and 2.5 volumes EtOH were added to the supernatant and spun for 10'. 
Plasmid DNA was resuspended in 29µ1 TE and 1µ1 RNase A (1mg mr1) was 
added. 
3. GEL ELECTROPHORESIS 
3.1. Agarose gel electrophoresis 
DNA size was estimated from the distance migrated, which is inversely 
proportional to Log10 of its molecular weight [McDonell, 1977; Southern, 1979]. 
Ethidium bromide (EtBr) was incorporated into the gel and buffer at 0.5µg mr1. 
Enzyme digested plasmid was electrophoresed either in the absence of EtBr, 
or at EtBr concentrations in excess of 0.5µg mr1; under these condittons, the 
undigested closed circular supercoiled conformation (form I) migrates faster 
than form Ill and the nicked, relaxed circle (form II) migrates slower than forms 
I and 111. Tris-Acetate-EDT A (T AE) was used as electrophoresis buffer when 
extracting bands for cloning. Separide™ gel matrix (Life Technologies) at 2% 
concentration in T AE was used to resolve dsDNA fragments differing by -1 Obp. 
3.2. Polyacrylamide gel electrophoresis (PAGE) 
Gel casting solution of total monomer (T) concentration 6-12% was prepared 
from a sequencing gel mix containing 40% T (19:1 crosslinking). 1% (v/v) 10% 
ammonium persulphate and 0.02% (v/v) TEMED were added to promote self 
polymerization. Urea was added at 8.3M final concentration when running 
denaturing gels. Samples were electrophoresed in TBE buffer at 100-200V in a 
Biorad apparatus and visualised by EtBr- or silver staining, or autoradiography. 
4. NUCLEIC ACID CLEANING 
4.1. Ion exchange chromatography 
Qiagen® tips contain anion-exchange silicagel resin covalently coated with a 
hydrophilic substance that prevents nonspecific binding. The elution point for 
dsDNA is 1.4-1.6 M NaCl at pH 7. DNA preparations (free of SDS or other 
anionic detergents which would complex and interfere with anion exchange 
groups of the resin) were made up to a final volume of 1 ml, added to Quigen-tip 
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20 and pre-washed with QBT buffer. The solution was allowed to flow by 
gravity and columns washed with 1 ml aliqouts of QC buffer. The tip was placed 
over a clean eppendorf tube and DNA eluted in 800µ1 QF buffer by gravity flow. 
4.2. Spin column chromatography 
MicroSpin™ columns (Pharmacia) pre-packed with Sephacryl resin in TE buffer 
were used for DNA cleaning. The exclusion limits of gel filtration resins, which 
are meaningful in continuous flow situations are not applicable here. The 
column was vortexed briefly to resuspend the resin. The cap was loosened 
one-fourth turn and the bottom closure snapped off. The Column was placed in 
a 1.5ml microfuge tube and spun at 3000 rpm (735 x g) for 1' to remove the 
storage buffer. The Column was placed in a fresh eppendorf tube and 25-100µ1 
of sample applied slowly to the top center of the resin. The tube was spun at 
3000 rpm for two minutes and the filtrate containing DNA collected in the 
eppendorf tube. 
4.3. Diethyl aminomethanol (DEAE)-cellulose chromatography to clean tRNA 
The observation that only 7% of rRNA adsorbed by a DEAE-cellulose column is 
eluted with NaCl gradients of 0.4 to 0.56 N while 100% of tRNA is eluted 
(Monier et al, 1960] and that rRNA is insoluble in 1 M NaCl is used in this 
method (Hecker et al, 1979; Anandaraj & Cherayil, 1974). Three grams DEAE-
ion exchange cellulose resin was equilibrated in three changes of 0.01 M Tris-
HCI, pH 7 equilibrating buffer containing 0.1 M NaCl; 2µ1 DEPC was added to 
the mix. The slurry was poured into the barrel of a 10ml syringe closed at the 
bottom with a small circle of Whatman filter, till a two millilitre resin column was 
formed. The column was washed with ten column volumes of equilibrating 
buffer. An 0.1 M NaCl solution containing total RNAs was poured through the 
column and washed with ten column volumes of equilibrating buffer; rRNA and 
tRNA species bind to the column under these conditions. The tRNA was eluted 
by washing the column with 0.01 M Tris-HCI, pH 7 containing 1 M NaCl. 
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5. GEL EXTRACTION 
5.1. Low melting point gel 
Gels were cast from low melting point agarose and the DNA band of interest 
was excised with minimum exposure to shortwave UV (Sarkar & Sommers, 
1991]. Five gel volumes of 20 mM tris-HCI, pH 8, 1 mM EDTA was added and 
the mixture was heated at 65°C for 10'. The mixture was extracted with phenol 
[Weislander, 1979] followed by CHC13:isoamyl alcohol mixture. The DNA was 
precipitated with two volumes of EtOH and dissolved in nuclease-free water. 
5.2. Gel extraction with glass fibre 
Nucleic acids bind specifically to the surface of glass fibres in the presence of 
chaotropic salts like guanidium thiocyanate [Vogelstein and Gillespie, 1979). 
The Highpure™ (Boehrinnger Mannheim) PCR purification kit was used to 
extract DNA free of primer dimers <100 bp. 500µ1 binding buffer was added to 
100µ1 melted agarose gel and the mixture was transferred to a High Pure™ 
filter tube and spun at 13,000 rpm for 30". The glass fleece washed with 500µ1 
wash buffer. Washing was repeated with 200µ1 wash buffer and the filter tube 
was transferred to a fresh tube. 100µ1 water, pH 8 was added to the filter tube 
and the DNA eluted by spinning the tube at 13,000 rpm for 30". 
5.3. Gel extraction with silica 
The Prep-a-Gene (Bio-Rad) and Hi-Pure (Boehrinnger Mannheim) gel 
extraction kits make use of specially prepared silica matrix to selectively bind 
DNA. A 5µ1 aliquot of matrix was used per µg DNA extracted. Binding buffer 
was added and the mixture was heated at 50°C to dissolve the gel. The matrix 
was added, mixed and incubated at room temperature for 10'. The matrix was 
pelleted by centrifuging at 13,000 rpm for 30" and the pellet resuspended in 50 
matrix volumes of binding buffer. The pellet was recovered by centrifugation 
and the rinse step repeated. The matrix pellet was washed thrice in 50 volumes 
42 
Chapter II Materials & Methods 
of wash buffer and resuspended in one pellet volume of elution buffer for 5 
minutes at 500c. The eluted DNA was recovered after centrifugation. 
5.4. Extraction by boiling 
DNA bands for PCR amplification were rapidly extracted from polyacrylamide 
gels by boiling [Upender et al, 1995]. A gel band < 4µ1 was excised along with 
the filter paper and soaked in 100µ1 water in an eppendorf tube. The mixture 
was overlaid with 2 drops of mineral oil and heated at 100°C for 15'. 2.5µ1 of 10 
mM PCR-compatible dye cresol red, pH 8.5 was added to visualize the eluate. 
6. CLONING 
6.1. Ligation 
Ligation was done for 16 hours in 10µ1 1x ligation buffer [Sambrook et al, 1996] 
containing 1 Weiss unit of T 4 ligase. Blunt-end ligation was done at room 
temperature while sticky-end ligation was at 4°C. A vector:insert molar ratio of 
1 :3 - 3: 1 was used and the amounts of nucleic acid required calculated as, 
ng insert = size of insert X insert:vector molar ratio 
ng vector size of vector 
6.2. T-vector cloning 
The terminal deoxynucleotidyl transferase activity of Taq polymerase adds an 
A residue to most amplicons [Clarck, 1988] due to the lack of 3'~5' 
exonuclease activity. Cloning such ligands to a T-vector possessing a 3'-
terminal T overhang [Marchuk et al, 1991] can increase efficiency of cloning by 
80% [Hadjeb & Berkowitz, 1996]. A Sµg aliquot of pSK was digested with 
1 Ou nits of EcoRV in 50µ1 volume for 2 hours at 37°C. The blunt-ended plasmid 
was precipitated and T-tailing was performed in 100µ1 PCR buffer with 2 mM 
dTTP and 5 units Taq polymerase. The mixture was incubated at 70°C for 24 
hours and the DNA precipitated. To eliminate non-T tailed vectors from the 
plasmid pool, three Weiss units ligase was added and the DNA allowed to self-
ligate. The mixture was electrophoresed to separate the fast moving linearized 
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plasmid from circularized concatemers of blunt ended molecules. The T-vector 
was then extracted from the excised gel slice. 
6.3. Amplicons generated by primers containing restriction endonuclease sites 
Restriction sites were added to the 5' end of primers to enable cloning of PCR 
products. However, residual Taq contamination of amplicons can lead to 
complete or partial filling in of the 3' recessed termini of digested amplicons 
and render them non-complementary to the vector ends [Kaufman & Evans, 
1990]. The polymerase was therefore inactivated by protease digestion before 
restriction enzyme digestion. Proteinase K (20µg µr1) was added at 1.25µ1 per 
25µ1 PCR product(s) and incubated at 65°C for 30'. The mixture was phenol 
extracted and the amplicons were purified using the Highpure™ system. 
6.4. Dephosphorylation (using Gibco BRL kit) 
Calf intestinal alkaline phosphatase (CIAP) was used to hydrolyze 5'-
triphosphate groups of DNA, RNA and phosphorylated oligomers. CIAP was 
added to nucleic acid preparations at 1 U 100pmor1 DNA 5'-protruding ends, or 
1U pmor1 5'-blunt or recessed ends (1µg 1kb DNA= 3.03 pmol of ends) and 
1 U 100pmor1 RNA ends. The reaction mix was made up in 1x phosphorylation 
buffer with nucleic acid, CIAP and water added to make up final volume. A 
CIAP (Gibco BRL) formulation containing 27.BU µr1 was diluted in dilution 
buffer and the required amount added at a volume equal to, or greater than 
1110th volume of reaction mix. DNA with cohesive ends was incubated at 37°C 
for 30' while other nucleic acids were incubated at 50°C for 1 hour. CIAP was 
inactivated by heating the reaction mixture at 75°C for 1 O' [Ausabel et al, 1998]. 
7. TRANSFORMATION 
7 .1. XL 1-Blue electro competent cells 
E. coli strain XL 1-blue ([F', proAB lacflZAM15J Tn10(Te()) maintained on LB 
Tetracyclin (10µg mr1) plates was used to prepare electro-competent cells 
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[Wilson and Gough, 1988]. Two hundred milliliters of fresh LB.let medium was 
inoculated with 2ml of an overnight culture of XL 1-blue and shaken at 250 rpm 
at 37°C to an OD500 of 0.4. The culture was incubated on ice for 30' and the 
cells pelleted by centrifuging at 5700 rpm for 15' at 4°C. The pellet was 
resuspended gently in 200ml ice-cold 10% glycerol and centrifuged at 5700 
rpm for 15'. The pellet was washed again in 100ml 10% glycerol and 
centrifuged as above. The friable pellet was washed in 4ml glycerol, 
centrifuged and resuspended in 400µ1 (0.2% original volume) glycerol and 
stored as 40µ1 aliquots at -70°C [Dower et al, 1988]. 
7.2. DH5a chemically competent cells 
E.coli strain DH5a ([F', lacf1Z~M15] thi-1) was used for producing competetent 
cells for heat-shock transformation. A single colony of strain. DH5a maintained 
on minimal plates supplemented with thiamine-HCI (for selection of F' episome) 
was grown overnight in 25ml LB. A 2ml aliquot of overnight culture was used to 
inoculate 200ml of fresh LB and shaken at 250 rpm at 37°C to an 00600 of 0.4. 
The culture was incubated on ice for 2 hours and cells pelleted by centrifuging 
at 3000 rpm for 20' at 4°C. The pellet was resuspended in 10ml ice-cold 
trituration buffer and the volume was made up to 200ml and incubated on ice 
for 45'. The tubes were spun at 2500 rpm for 10' at 4°C and the cell pellet 
resuspended in 20ml ice-cold trituration buffer. Centrifugation was repeated 
and the pellet was resuspended in 1 ml trituration buffer. 80% glycerol was 
added dropwise to a final concentration of 15% (v/v), mixed well and the cells 
stored as 200µ1 aliquots at -70°C [Ausabel et al, 1998]. 
7.3. Electroporation 
Competent cells were thawed and placed on ice. Sterile cuvettes (0.1 cm 
electrode gap) and the chamber slide were chilled [Dower et al, 1988]. The 
ionic concentration of the DNA preparations was reduced by EtOH precipitation 
[Bottger, 1988], or dilution [Wilson and Gough, 1988]. One to two µI DNA was 
mixed well with 40µ1 cells and placed briefly on ice [Chassy and Flickinger, 
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1987].The Gene Pulsar apparatu (B. R 
s 10- ad) was set to 25µF capacitance and 
1.8kV voltage and resistance of pulse controller adjusted to 200n. The 
electroporation mixture was transferred to the cuvette and pulsed at a field 
strength of 25kV cm·1 for 4-5 milliseconds (msec) Th II ed · . e ce s were recove!'1 m 
1ml SOC medium immediately. Recovered cells were shaken at 37°C for 60' 
and plated for blue/white selection. 
7.4. Heat shock transformation 
A 200µ1 aliquot of DH5u competent cells (lnvitrogen) was thawed on ice and 
2µ1 of the ligation reaction was added. Cells were incubated on ice for 20' and 
then heat shocked at 42°C for 45". Tubes were transferred to ice for 2', 800µ1 
SOC added and cells incubated at 37°C for one hour, with shaking. 
7.5. Blue White selection [Ausabel et al, 1998] 
Transformed cultures were plated on LB media containing 50µg mr1 ampicillin, 
40µg mr1 X-gal and 100µg mr1 IPTG and incubated.at 37°C for 16 hours. The 
plates were stored at 4°C for several hours to accelerate blue colour 
development. Active blue colonies were blue in the center and dense blue at 
the periphery. White colonies occasionally showed a blue color in the center. 
8. BLOTTING 
8.1. Southern Blotting 
Genomic digests were electrophoresed in a 0. 7% agarose gel at 1.5V cm·1 for 
16 hours. The gel was treated with 0.25 N HCI till tracking dyes changed colour 
to golden yellow. The gel was rinsed in distilled water and shaken in denaturing 
buffer (0.4 M NaOH/1.5 M NaCl) for 30' till dyes regained their colour. 
In the alkali blotting method, capillary blot transfer was performed in transfer 
buffer containing 0.4 M NaOH/1.5 M NaCl, overnight. When transfer was done 
in 20xSSC, the gel, after denaturation, was rinsed in distilled water and shaken 
in neutralizing buffer for 30'. After transfer, the membrane was washed briefly in 
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2xSSC, air dried and the DNA fixed to the membrane either by baking at 80°C 
for 2 hours, or by UV cross-linking at 260-280 nm (short) wavelength for 30". 
Capillary blotting was performed by placing the gel face down on a Whatman 
(MM1) filter wick whose ends dipped from a raised platform into the transfer 
buffer. A sheet of positively charged membrane (Hybond™ N+, Amersham) cut 
to the size of the gel was wetted with distilled water and placed over the gel. 
Three sheets of Whatman 3MM paper of same size were wetted and placed 
over the membrane, followed by a stack of absorbent paper weighted down 
with a box of filter tips. Slightly positively charged membranes (Boehringer 
Manheim) were used with DIG-labelled probes. 
8.2. Colony blotting 
A circle of Hybond™ N+ membrane (0.45µM pore size) was cut to the size of 
the colony plate and placed on the agar surface containing colonies. Three 
acentric punctures were made in the membrane to orientate the colonies. The 
membrane was stripped off the plate after 1' and placed, colony side up for 7' 
on a pad of filter paper soaked in denaturing buffer. It was transferred to 
another pad soaked in neutralizing solution for 3'. The neutralizing step was 
repeated, the blot washed briefly in 2x SSC, air-dried and UV cross-linked. 
8.3. Northern blotting 
RNA can be electrophoretically size fractionated under denaturing conditions 
[Lehrach et al, 1977] and blotted on to membranes. RNA samples were 
denatured at 65°C for 10' in 1x MOPS buffer containing 50% formamide and 
6% formaldehyde (HCHO) and electrophoresed on 1.5% MOPS agarose gel 
containing 0.66 M HCHO [Fourney et al, 1988]. Electrophoresis was done at 
0.75V cm-1. The low concentration of HCHO used (0.66 M compared to the 
standard 2.2 M) produces less autofluoresence and allows RNA to be directly 
visualized using short UV radiation (254nm). Integrity of RNA was confirmed 
using the 18S (2.37kb) and 25S (6.33kb) rRNA bands as internal controls. 
Capillary blot transfer was done as previously described, in 20XSSC buffer. 
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8.4. siRNA blotting 
Small RNA was resolved in a 15% polyacrylamide-7M urea gel in TBE 
buffer, electro-transferred to nylon membranes and UV cross-linked. 
9. HYBRIDIZATION 
9.1. Southern Hybridization 
9.1.1. 32P labelled probes 
For hybridization with 32P labelled probes, blots was prehybridized for >1 hour 
in 5-10 ml Church and Gilbert (CG) buffer in Hybaid tubes. The denatured 
probe was added directly to the buffer and the blots hybridized for >18 hours. 
Probe concentration was kept to <10ng mr1 hybridization buffer to prevent 
competitive probe reannealing. Blots were washed thrice in 100ml 3x SSC, 
0.1 % SOS for 1 O' at 37°C, with shaking to remove nonspecifically bound probe. 
The blot was sealed between plastic covers and autoradiographed at -70°C 
with an intensifying screen, which produces >10-fold signal enhancement. Tm 
was calculated using the formula, 81.5°C+16.6 log molar concentration of 
monovalent cations+41 (mole fraction of G+C)-0.62 (%formamide)-600/length of 
probe. An annealing temperature 10-20°C below Tm of native DNA produces 
maximum rate of hybridization [Wahl et al., 1987]. Blots intended for reprobing 
were stripped with 1% SOS; a boiling solution of SOS was poured over the blot 
in a tray and the solution allowed to cool to room temperature. 
9.1.2. DIG labelled probes 
For hybridization with digoxigenin (DIG) labelled probes, blots were 
prehybridized in DIG EasyHyb buffer (Roche) which is used like formamide-
based buffers. Tm was calculated as 49.82+0.41 (%G+C)-600/I and hybridization 
temperature was set 20-25°C lower than Tm· Prehybridization was done at 37-
420C for 30'. dsDNA probes were denatured at 95° for 10', chilled directly on 
ice and added to 5ml preheated Easy Hyb buffer. The prehybridization buffer 
was discarded and blots hybridized with probe overnight. Blots were washed 
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twice in 2xSSC, 0.1 % SOS for 5' at room temperature, and twice in 1xSSC, 
0.1% SOS for 15'. Membranes were equilibrated in wash buffer for 1' and 
incubated in blocking solution for 60'. They were transferred to blocking 
solution containing alkaline phosphate conjugated anti-DIG Fab' fragments and 
incubated for 30'. The membranes were washed in wash buffer and 
equilibrated in detection buffer for 2'. The chemiluminiscent substrate CSPD 
was diluted 1 :100 in detection buffer and blots incubated in it for 5'. The blots 
were sealed between plastic covers and autoradiographed at room 
temperature. The probe in Easy Hyb buffer was saved at -20°C for reuse and 
denatured at 68°C for 1 O', prior to use. 
9.2. Northern hybridization 
Northern hybridization was done in a manner similar to that described for 
Southern hybridization. The main differences were that solutions were made in 
DEPC treated water and Tm was calculated as 79.8°C + 18.5 log [Na+] + 
0.58(%G+C) + 11.8(%G+C)2 - 0.35(%formamide) - (820/1). 
9.3. Colony hybridization 
Oligonucleotides, or RNA end labelled with 33P were used as probes. For oligos 
up to 18nt long, the Tm was calculated as 4(G+C)+2(A+ T)°C. For oligos up to 
70nt long Tm= 81.5+41 (o/oGC)-675/1. Hybridization with oligos (15-25nt) was 
done at 5°C below Tm- Tm was reduced by 5°C for each 1 % base mismatch. 
Blots were washed briefly, 3 times for 5' each. They were air dried and applied 
directly to the film and autoradiographed at room temperature. Intensifying 
screens were not used. 
9.4. In situ hybridization 
In situ hybridization techniques are used to localize gene expression at the 
cellular level [John et al, 1969; Pardue and Gall, 1969]. Pine tissue was cut into 
5-7mm pieces and fixed in formaldehyde-acetic acid-alcohol (FAA) overnight at 
room temperature. The tissue was dehydrated through an ascending alcohol 
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series and left overnight in 95% EtOH containing 0.1 % Eosin. The tissue was 
incubated in 100% EtOH and the dehydrated tissue was permeated with xylene 
by taking it through a graded series of xylene:EtOH mixtures. The 100% xylene 
incubation was for 1 hour and was repeated thrice. The tissue was cleared in 
xylene and embedded in paraplast inside cardboard boats and stored overnight 
at -20°C. Ten µm sections were cut in continuous ribbons and floated on a 
42°C water bath. They were mounted on poly-L-lysine coated slides and baked 
overnight at 45°C. The paraplast was removed by washing slides twice in 
xylene for 1 O' followed by rinsing 15 times each, in a descending EtOH series. 
The hydrated sections were incubated with proteinase K (1µg mr1) in 100 mM 
Tris-HCI, pH 7.5, 50 mM EDTA at 37°C for 20'. The slides were treated with a 
0.25% solution of acetic anhydride in 100 mM triethanolamine for 5' at RT.The 
tissue sections were dehydrated and dried under vacuum for 1 hour. 
The tissue sections were overlaid with hybridization solution containing DIG-
labelled probe and hybridized overnight at 42°C in a moist chamber. Slides 
were given two low stringency washes in 2xSSC at room temperature for 30' 
and at 65°C for 1 hour followed by a high stringency wash in 0.1 xSSC at 65°C 
for 1 hour. The slides were equilibrated for 5' in antibody buffer and then 
incubated with AP conjugated DIG-antibody for 2 hours in a moist chamber. 
The slides were washed in antibody buffer and equilibrated in substrate buffer 
for 5'. Forty five µI NBT and 35µ1 BCIP were dissolved in 10ml substrate buffer 
and incubated with tissue in the dark till colour developed. Slides were washed 
in 95% EtOH for 1 hour, rinsed in water, sections dehydrated and mounted. 
10. LABELLING 
10.1. Random primer labelling 
The rediprime labelling system (Amersham) was used to produce radio-labelled 
probes [Feinberg and Vogelstein, 1983]. Template DNA, purified, or in 
restriction enzyme buffers was diluted to 2.5 to 25ng in 45µ1 sterile water, 
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denatured at 95°C for 5' and added to the labelling mix; the proprietory mix 
consists of a buffered solution of dATP, dGTP and dITP, exonuclease-free 
Kienow enzyme and random nonamers (9-mer). A 5µ1 aliquot of 32P dCTP was 
mixed with the labelling mix and incubated at 37°C for 30' to 2 hours. The 
reaction was stopped with 5µ1 200 mM EDTA and the probe denatured. 
10.2. 5' end labelling 
Polynucleotide kinase (PNK) was used for end labelling. In the case of tRNAs, 
their 5' -triphosphate end was dephosphorylated and the tRNA then fragmented 
by alkaline hydrolysis to provide more 5'-hydroxylated ends for labelling 
[James, pers. com, 1992). 5µg tRNA was dephosphorylated at 50°C for 1 hour 
and heated at 65°C for 1 O' to inactivate PNK. The mixture was made up to 
120µ1 final volume in DEPC-water, an equal volume of 0.1 M NaHC03, pH 9 
added and incubated at 95°C. Empiricaly, a 3 minute hydrolysis is sufficient for 
most RNAs [Wilkins, 1999). However, since this is not known in the case of 
tRNAs, aliquots of 30µ1 were removed at 3' intervals ·and chilled on ice. Aliquots 
were pooled and 1/10 volume 3M NaOAc and 2.5 volumes EtOH added and 
incubated at -20°C for 1 O'. The RNA was pelleted by spinning at 13,000rpm for 
30'. The dried RNA was labelled in a 50µ1 mix containing 43µ1 water, 5µ1 PNK 
buffer, 1µ1 PNK and 1µ1 y33P ATP at 37°C for 30'. Another 1µ1 PNK was added 
and incubation continued for 30'. The enzyme was inactivated by heating at 
65°C for 1 O'. 
Oligonucleotides are hydroxylated at their 5'-end and therefore, need no 
dephosphorylation. One femto mole (fmol) of oligonucleotide was labelled in a 
final volume of 20µ1. The labelling mixture contained 15µ1 water, 2µ1 PNK 
buffer, 1µ1 (100 µM) oligonucleotide, 1µ1 PNK and 1µ1 y33P ATP. The mixture 
was incubated at 37°c for 60' and then heated at 65°C for 1 O' to inactivate the 
enzyme. The probe was denatured with 8µ1 4 M NaOH prior to hybridization. 
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DIG probes were generated using expand™ (Roche) high fidelity enzyme and a 
10x dNTP labelling mix consisting of 2 mM each of dATP, dGTP, dCTP and 1.3 
mM dTTP and 0.7 mM alkali-labile DIG-11-dUTP. 1ng of template was 
amplified in 25µ1 1 x PCR buffer (with MgCl2) containing 200µm dNTP, 100 nM 
primers and 1.3U enzyme. PCR consisted of 30 cycles of 95°C x 30", 55°C x 
30" and 68°C x 30" following an initial denaturation at 95°C for 1 '. The reaction 
was run alongside an unlabelled control reaction on agarose gel and labelling 
confirmed by gel shift of the slow moving labelled probe. 
10.3.2. 32P labelling 
32P labelled probes were produced according to Wilkins (1991]. 32P dATP 
(3000Ci mMor1, 10Ci µr1) containing 0.33 µM dATP µr1 was used to label 
probes. A cold dNTP mixture containing 2 mM dGTP, dCTP and dTIP and 
0.05 mM dATP was prepared. 1µ1 of this mixture was added to 10µ1 of PCR mix 
containing 1 µI 1 Ox standard PCR buffer, 1.6µ1 forward and reverse primers (1 
µM), 1 µI template DNA (20ng), 0.25µ1 Taq (0.25U), 5µ1 32P dATP (1.7 µM) and 
0.15µ1 water. The mixture is thus 6.7 µM with respect to dATP. The PCR 
mixture was subjected to 20 cycles of 95°C x 30", 55°C x 30" and 72°C x 30" 
10.4. In vitro transcription 
Sense and anti-sense probes labelled with the steroid hapten DIG were 
synthesized for in situ hybridization from cloned templates. Plasmid was 
prepared without the use of RNase A to avoid degradation of transcribed RNA 
by residual RNase activity. Plasmid was linearised at a site adjacent to the 
cloned insert corresponding to the 5' or 3' end of the RNA using a restriction 
enzyme that leaves a 5'-overhang, or blunt ends and gel extracted. One µg 
plasmid was used in a 20µ1 transcription reaction containing 1 µI RNase inhibitor 
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(20U), 2µ1 NTP mix (10 mM), 2µ1 10x buffer and 2µ1 RNA polymerase (40U) 
and incubated for 2 hours at 37°C Template DNA d b · b t· · was remove y 1ncu a mg 
with 1µ1 RNase-free DNase I (10 units) at 37°C for 15 minutes and DNase was 
inactivated by heating at 95°C for 1 O minutes. The NTP mix was made of 1 O 
mM each ATP, CTP and GTP, 6.8 mM UTP and 3.5 mM DIG-UTP. Labelled 
probes were quantified by dot blotting. Two-and-a-half µI of labelled control 
RNA (250ng DIG-labelled neo-RNA) and 1 µI of the labelled reaction was 
serially diluted 10-fold, dot blotted and visualized by chromogenic reaction. 
11. POLYMERASE CHAIN REACTION 
The polymerase chain reaction [Saiki et al, 1985] using Taq DNA polymerase 
alone [Saiki et al, 1987;Mullis, 1990], or in combination with thermostable, 
proof-reading DNA polymerases [Barnes, 1994], or reverse transcriptase 
[Veres et al, 1987] was used to amplify sequences from DNA and RNA 
[Keohavong et al, 1988]. 
11.1. Standard PCR 
The primers were 18-24nt long, with closely matched Tm (within 2-3°C) and a 
GC content of 40-60%. The computer program Oligo 4.0 based on nearest-
neighbour thermodynamic parameter [Rychlik & Rhoads, 1989] was used to 
design primers [Kwok et al, 1990]. Primers were used at 40-160 nM 
concentration. Depending on the number of PCR cycles, 1.6x103-4x104 copies 
of template DNA were used per 25µ1 reaction which equates to 20-SOOng pine 
genomic DNA, or 0.04-1pg plasmid DNA (5kb). To minimize mutations induced 
by Taq polymerase which has an error rate of 2x10-4 bp-1 [Dunning et al, 1988], 
the higher template copy number was used in conjunction with lower PCR 
cycles when preparing amplicons for sequencing. The dNTPs were used at 200 
µM concentration; when amplifying long templates as in single primer PCR, or 
amplifying under nonspecific annealing conditions 300 µM was used. 
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A typical 25µ1 PCR mixture contained 2.5µ1 1 Ox PCR buffer, 2µ1 MgCl2 (50 
mM), 2µ1 dNTP (2.5 mM), 2µ1 primer (1 µM) and 0.5µ1 Taq polymerase (1U µI" 
1). The number of cycles was limited to 30 [Bell & deMarini, 1991]. When 
primers failed to perform, matrix analyses was done with Mg2+, annealing 
temperature and template concentration as variables. 
11.2. Touchdown PCR 
Touchdown PCR [Don et al, 1991] was done to amplify the target sequence 
preferentially over other sequences that shared partial homology with the 
primers. The annealing segment of TD-PCR started at a temperature a few 
degrees above the predicted Tm and sequential cycles were run at 
incrementally lower temperatures, when annealing temperature falls below Tm· 
of nonspecific amplification. This ensures that the first template-primer 
hybridization takes place between reactants with greatest complementarity and 
by the time the annealing temperature falls to Tm of nonspecific hybridization, 
the target amplicon would have started its exponential amplification and 
outcompetes nonspecific products. 
11.3. Hot start PCR 
This minimizes nonspecific priming, or primer dimer formation as a result of 
mixing reaction components at permissive temperatures (4-25°C) [Chou et al, 
1992] and during incubation of PCR mix at temperatures below the Tm before 
the temperature rises above Tm in the first denaturing step [D'Aquilla et al, 
1991]. A PCR master mix was made with all components except Taq 
polymerase and template dNA. The mix was dispensed into 0.2µ1 PCR tubes, 
template DNA and a granule of Ampliwax® bead were added and the tubes 
briefly heated at 75°c to melt the wax and allowed to cool. 0.5 µI Taq 
polymerase was deposited on the solidified wax and the reaction started. 
11.4. Band-stab PCR 
Band-stab PCR [Bjourson & Cooper, 1992] helps to amplify a specific single 
product from a mixture of PCR products of different molecular weights formed 
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under reduced-stringency primer annealing conditions. The PCR products were 
electrophoresed on 1-1.5% T AE agarose gel containing EtBr. Excess water on 
the gel surface was removed with filter paper and the appropriate band was 
stabbed with a small orifice pipette tip, swirled in fresh PCR mix and 
reamplified. A blank lane was stabbed as negative control. 
11.5. Colony PCR 
Colony PCR was used to screen transformed colonies for putative 
recombinants. Colonies were stabbed with the small end of sterile toothpicks 
and swirled in pre-made PCR mix; excess colony material was avoided as it 
could cause PCR inhibition [Costa & Weiner, 1995). A non-recombinant pSK 
colony was used as negative control. 
11.6. BigDye terminator cycle sequencing 
The dye terminator cycle sequencing reaction differs from earlier versions 
[Murray, 1989) in that it uses differentially fluqrescence labelled 2',3'-
dideoxyribonucleotides (ddNTP), and consequently reaction is performed in a 
single tube. Sequencing reactions were performed in a 10µ1 volume containing 
4µ1 proprietary reaction mix containing AmpliTaq® polymerase, 1.6 pmol 
T7sequencing primer, template DNA (200-500ng dsDNA or 30-90ng PCR 
DNA) and nuclease-free water. Reactions were cycled 25 time in a heated lid 
MJ thermocycler, each cycle consisting of 96°C x 10"; 50°C x 5"; 60°C x 4'. 1 µI 
3 M NaOAc and 25µ1 95% EtOH were added and the DNA was precipitated by 
centrifuging at 13,000rpm for 30' and washed with 70% EtOH. 
11.7. Reverse transcriptase PCR {RT-PCR) 
11. 7 .1 . One-tube RT-PCR 
Using Titan™ one step RT-PCR system, the first-strand cDNA synthesized by 
AMV reverse transcriptase was converted to dsDNA by Expand™ (Roche) high 
fidelity enzyme in a single optimized RT-PCR buffer. A 1 µg aliquot of RNA was 
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added to 1.8µ1 DNase (1 OU µr\ 2.1 µI RNasin and 0.4µ1 MgCl2 (25 mM) and 
incubated at 37°C for one hour. The DNase was inactivated by heating the 
mixture at 95°C for 10'. A 25µ1 RT-PCR mix contained 0.2 mM dNTPs, 160 nM 
forward and reverse primers, 5 mM dithiothreitol (DIT), 2-5 Units RNase 
inhibitor, 0.5µ1 enzyme mix and 5µ1 (5x) buffer. 20-200ng DNase treated-total 
RNA was added and RT was performed with a single PCR cycle at 45-60°C for 
30'. The resulting cDNA after initial denaturation at 94°C for 2' was cycled 20 
times through 94°C X 30", 55-60°C x 15", 68°C x 15" for 20-25 PCR cycles. An 
RNA control tube was included after the RT segment of RT-PCR to detect 
amplification of any contaminating genomic DNA in RNA preparations. 
11.7.2. Standard RT-PCR 
Total RNA was reverse transcribed into sscDNA and dilutions of ss cDNA were 
amplified by standard PCR using Taq polymerase. Primer was added to DNase 
treated-RNA, made to a final volume of 15µ1 with _DEPC-treated water and 
denatured at 70°C for 10 minutes. The mixture was quenched on ice and 5µ1 5x 
buffer and 1.25µ1 RNasin® (20U µr1) (lnvitrogen) were added and the mixture 
heated at 42°C for 5 minutes. 2.5µ1 of 40 mM sodium pyrophosphate (pre-
heated to 42°C) and 15U (µg-1 RNA) AMV transcriptase were added to the 
(preheated) 25µ1 mixture. The mixture was incubated at 42°C for one hour. 
Aliquots of the reaction were then amplified directly in standard PCR. 
12. METHODS TO ISOLATE GENE FLANKING SEQUENCES 
12.1. Single primer PCR 
Under low stringency-annealing conditions mispriming can occur in PCR, when 
a primer binds to an imperfect complementary sequence [Kwok et al, 1990) to 
generate multiple bands. When a single gene-specific primer is used under 
such conditions it could prime ss products from the true complementary site as 
well as from partially complementary loci. When two such sites lie in reverse 
orientation facing each other, within a distance that could be spanned by the 
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polymerase they would form dsDNA products. Some of these can be expected 
to result from priming between true and false priming sites. 
12.2. Asymmetric PCR and ssDNA capture using paramagnetic beads 
Genomic DNA was amplified by asymmetric PCR using an excess of gene-
specific reverse primer. This results in the production of ssDNA amplicons 
extending into the 5' flanking region. The ssDNA was affinity purified using 
biotin-labelled gene-specific primer bound to streptavidin (SA) coated 
paramagnetic particles. PCR products were heated and allowed to anneal to 
the trapping oligonucleotide by lowering the temperature. Magnetic particle 
bound amplicons were separated, washed and tailed with dGTP using terminal 
transferase (TdT). Strands were dissociated from the trapping oligo by heating 
and snap cooling. Gene specific and oligo-C primers were used to amplify the 
homopolymered ssDNA [Koenig, 1997]. 
Magnetic particles were prepared by washing 100 µ~ polystyrene paramagnetic 
particles thrice in 100 µI Ten100 buffer (10mM Tris, pH 7.5, 1 mM EDTA, 0.1 M 
NaCl) and separating them with a magnetic separator (MPS). SA particles were 
incubated with 150 pmol biotin labelled oligonucleotide in 200 µI Ten100 buffer 
at RT for 10' with gentle shaking. Using MPS, particles were separated and 
washed twice in Ten1000 (containing 1 M NaCl) buffer and in 0.5xSSC. 
12.3. Thermal asymmetric interlaced PCR {TAIL-PCR) of tDNAMet-i 
TAIL-PCR [Liu et al, 1995] consists of three sequential rounds of PCR. 20-40 
ng Pine DNA was amplified in primary PCR with tDNAMet-i reverse primer (PR-
1) and arbitrary primer 5' ngtcgaswganawgaa 3' (Arb-1); the primary reaction 
was diluted a 1 OOO-fold and amplified in secondary reaction with the 
sequencing primer 5' cgatcctgggacctgtgga 3' (PR-2) and Arb-1; 1000-fold 
dilution of the secondary reaction was reamplified using reverse forward primer 
5' ttccgctgcgccactctgat 3' (PR-3) and Arb-1. The primary PCR consisted of an 
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initial denaturation at 95°C for 2' followed by 5 high stringency cycles of (94oc 
X 30"; 57°C X 1 '; 72°C X 2'), 1 low Stringency cycle of (94°C X 30"; 30°C X 2'; 
72°C X 2') and 15 cycles Of 2x (94°C X 30"; 62°C X 1'; 72°C X 2') + 1X (94°C X 
30"; 44°C x 1'; 72°C x 2'). The secondary PCR comprised 12 cycles of 2x 
(95°C X 30"; 66°C X 1'; 72°C X 2') + 1x (95°C X 30"; 44°C X 1'; 72°C X 2'). 
Tertiary PCR consisted of 20 cycles of 95°C x 30"; 44°c x 1'; 12°c x 2'. 
12.4 Enriched small-insert genomic library using wheat germ tRNA <WGTI 
WGT (contains tRNA and traces of SS rRNA) was used as the trapping ligand 
to isolate SS rDNA and tDNA sequences. WGT (Sigma) was cross-linked to 
Hybond N+ squares and unbound tRNA was removed by washing blots for two 
days in hybridization buffer containing 50% formamide at 37°C and boiling the 
blots in 1 % SOS for 3'. Pine DNA was fragmented with Haelll and ligated to 5' 
phosphorylated adaptors [Karagyozov et al, 1993]. The adaptor-ligated DNA 
fragments were amplified by 30 cycles of PCR using a 21-mer adaptor primer. 
Aliqouts of the reaction, as well as negative controls consisting of Haelll 
genomic digests mixed with adaptors in the absence of ligase were 
electrophoresed to confirm specificity of amplification. Amplified DNA 
fragments were denatured and hybridized with ligand-bound filters in 
formamide hybridization buffer at 37°C for 24 hours. Filters were washed at 
moderate stringency and bound amplicons dissociated by boiling in 1 % SOS 
for 3'. The eluted ssDNA was precipitated with linear polyacrylamide and 1-4 µI 
aliquots used in a second round of enrichment with fresh ligand-bound nylon 
squares. 
13. PLANT TRANSFORMATION 
13.1. Biolistic transformation 
Pine embryogenic tissue was dispensed in a circle on Lepoivre nutrient 
medium agar in petri dishes. DNA coated gold particles (Aldrich 1.5-3µ) 
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prepared as per Sanford et al [1993] were bombarded using a DuPont He1 OOO 
biolistic delivery system. The bombardment parameters used were, rupture 
disk pressure 15550 psi, gap distance 16 mm, macrocarrier travel distance 11 
mm and microcarrier travel distance 6 cm. 
13.2. Agrobacterium mediated transformation 
Agrobacterium tumefaciens strain LSA4404 harbouring the binary vector for 
transformation was grown at 28°C in YES broth [Ausabel et al, 1998) to OD 
Asoo = 0.4. Leaves of Nicotiana benthamiana were cut to 1 cm squares and 
inoculated with the bacterial culture for 2' with gentle shaking. Excess liquid 
was blotted off and the leaf segments placed on Murashige and Skoog (MS) 
agar containing 100 ng mr1 napthylacetic acid (NAA) and 1 µg mr1 
Senzylaminopurine (SAP). The plates were kept in the dark for two days. 
13.3. Tissue culture of transformants 
Agrobacterium inoculated explants were transferred to selection medium 
consisting of MS agar containing NAA and SAP as above and 100 µg mr1 
Kanamycin and 500 µg mr1 cefotaxime and grown at 25°C in 16 hours light 
(3,000 lux). Shoots appearing from the callus were transferred to shooting 
medium which consists of MS agar containing 100 µg mr1 Kanamycin, 500 µg 
mr1 cefotaxime and 300 ng mr1 SAP. Shoots that had reached a sizeable 
height were transferred to the rooting medium made up of MS agar containing 
Kanamycin and 100 ng mr1 NAA. Rooted plants were transferred to soil and 
grown at 25°C (16 h 12,000-lux light/8 hr dark). 
13.4. Growing T1 gus plants for transformation with shRNA vector constructs 
The primary transformants (TO generation) resulting from transformation of 
N.benthamiana with gus under the control of 35S promoter were selfed and 
harvested seeds were selected for kanamycin-resistant progeny on MS agar 
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containing Kanamycin at 25°C in 16 hours light (3,000 lux). Seedlings (T1 
generation) were assayed histochemically for GUS expression and two T1 
plants were transferred to soil and grown at 25°C (16 h 12,000-lux light/8 hr 
dark). Leaves of these plants were used for transformation with shRNA vector 
constructs. 
14. GLUCURONIDASE ASSAY 
14.1. Fluorometric GUS assay 
Aliquots of 100 mg bombarded tissue were extracted in GUS extraction buffer 
[Jefferson, 1987] with Polyclar, centrifuged at 12000 rpm for 10' and the clear 
supernatant spun through Sephadex G-25 columns [Gartland et al, 1995] 
precalibrated with haemoglobin marker whose MR is close to that of GUS. This 
gave around 70 µI protein extract. The protein content of extracts was 
determined by Bradford assay [Bradford, 1987]. 
GUS was assayed fluorometrically [Gartland et al, 1995]. Aliquots of tissue 
extracts containing 25 µg protein were incubated with the substrate 1 mM 4-
methyl-umbelliferyl-~-D-glucouronide (MUG) at 37°C; duplicate aliquots of 
100µ1 reaction mixtures were taken at 0', 15' and 30', added to 1.9 ml 0.2 M 
Na2C03 and their fluorescence read on a fluorometer precalibrated to read 4 
pmol methyl umbelliferone (MU) per relative fluorescent unit. ~-glucouronidase 
(GUS) cleaves the protein to liberate MU and GUS concentration is expressed 
as pmoles MU minute-1 mg -1 protein. 
14.2. Histochemical GUS assay 
The GUS assay solution was made according to the method of Jefferson et al 
[1987]. Tissue samples were cut in 1-2 cm sections and vacuum infiltrated for 
5' in assay solution and incubated at 37°C for 1-2 days, destained in alcohol 
and viewd under a binocular microscope. 
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CHAPTER 111 
5S ribosomal DNA 
1. INTRODUCTION 
The SS rDNA is a Pol III transcribed housekeeping gene whose 40 kilodalton 
transcript is an essential component of the ribosomal nucleoprotein, where it 
provides a structural scaffold through interactions with ribosomal proteins for 
the correct assembly of the large (60 S) subunit [Szymanski et al, 2003). 
SS rDNA is one of the most abundant gene families in eukaryotic genomes 
ranging from around 150 copies per haploid genome in S. cerevisiae to 
300,000 in the amphibian Notophthalmus viridescens [Long & Dawid, 1980). 
The number of SS rDNA units in the genomes of a range of plants has been 
assessed by means of reconstruction experiments and varies from 2000 to 
over 75,000 [Appels et al, 1980; Vakhitov et al, 1986; Gorman et al, 1991). 
Saturation RFLP mapping, in situ hybridization and PFGE (pulse field gel-
electrophoresis) have revealed the chromosomal location and long-range 
structure of eukaryotic SS rDNA; their organization in plants and higher 
eukaryotes is different to that in bacteria [Nomura, 1976), yeast [Rubin & 
Sulston, 1973], Dictyostelium [Maizels, 1976) and organelle DNA [Sedbrook et 
a/, 1977] where SS rRNA genes are physically linked to other rDNA. In most 
plants, the SS rDNA genes are clustered in tandem arrays, which are localized 
in one or a few chromosomes. In Lycopersicum esculentum nearly 1000 
copies are located on the short arm of chromosome 1 [Lapitan et al, 1991], 
while in wheat, rye, barley and peas they are clustered in one to three major 
sites, all of which are separated from the 18S-5.8S-26S rRNA gene clusters 
[Appels et al, 1980; Ellis et al, 1988; Gerlach & Dyer, 1980). The exceptions 
are flax with its 100,000 copies of SS rDNA [Schneeberger et al, 1989] and 
pine [Gorman et al, 1991] where the genes are dispersed over many 
chromosomes. Only a few of the SS rDNA loci produce active transcripts; 
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other loci are either transcriptionally silent or produce rapidly degraded 
transcripts [Cloix et al, 2001]. 
Each tandem array is made up of many copies of the 5S rDNA gene (repeat 
units) arranged in a head-to-tail fashion. A 5S rRNA gene consists of a 120 bp 
transcribed (coding) region and a nontranscribed spacer (NTS) region of 
variable length [Fulnecek et al, 2002]. The spacer region contains the external 
promoters and transcription stop signals, while the coding region contains the 
internal promoters and is transcribed in its entirety to the mature 5S rRNA; by 
analogy to a type Pol 11 transcribed gene, the spacer is equivalent to the 
upstream and downstream regions of the latter, while the coding region 
corresponds to the mature mRNA region between the transcription start site 
and the translation stop site. In most plants the nucleotide sequence and 
length of the transcribed region is highly conserved, whereas the NTS has 
evolved rapidly. The NTS displays length and sequence polymorphism, within 
and between plant species. Consequently, 5S rDNA paralogs belonging to 
different size classes are found in plants, such as the 250 and 500 bp repeats 
in Arabidopsis [Cloix et al, 2000], 650 and 870 bp repeats in Laryx decidua 
[Trontin et al, 1999] and 500 and 850 bp repeats in P. radiata [Moran et al, 
1992]. The length polymorphisms among paralogs arise primarily from 
sequence differences in the spacer region due to deletions, duplications, point 
mutations and unequal crossing-over events [Sastri et al, 1992]. 
Heterogeneity of 5S rDNA transcripts has been reported in most organisms 
and developmental regulation of expression has been documented in 
Xenopus and Arabidopsis [Cloix et al, 2001]. Although it is stated that 5S 
transcripts of plants are highly conserved [Szymanski et al, 1995], sequence 
heterogeneity does exist as found in transcripts isolated from rice embryos 
[Hariharan et al, 1987] and from polysomes of flowers, stems, leaves and 
siliques of Arabidopsis [Cloix et al, 2002]. 
Plant 5S rDNA and their biogenesis have been studied primarily in 
angiosperms and less in gymnosperms. Investigations into the structure, 
organization and nuclear localization of gymnosperm 5S rDNA were mostly 
undertaken to produce diagnostic markers for molecular systematics 
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[Trontin et al, 1999; Wang et al, 2001; Besendorfer et al, 2004], physical 
mapping [Devey et al, 2002; Achere, 2004] and karyotyping [Lubaretz et al, 
1996; Liu et al, 2003A]. 
Even less studied are the 5S rDNA genes of Pinus spp, and P.radiata in 
particular. Appels and co-workers [Moran et al, 1992] isolated five paralogs of 
pine 5S rDNA, which were used to classify pine species into old- and new-
world species based on the presence of a 330 bp insertion in the 5S rDNA 
spacer region. Gorman et al [1991] used a 524 bp 5S rDNA gene to study the 
structure and chromosomal localization of 5S rDNA genes in Monterey pine 
(P. radiata). Smith & Devey [1994] extracted microsatellite sequences from 
the spacer regions of 5S rDNA clones for use in pine mapping. Liu et al [2003] 
sequenced several 5S rDNA clones in a phylogenetic study of five Asian pine 
species. 
This chapter describes the isolation and characterisation of a novel P. radiata 
5S rDNA gene and the use of its promoter in down-regulating gene 
expression in transformed plants. 
2. MATERIALS AND METHODS 
2.1. PCR - Reagents are same as in Materials and Methods (chapter II, 
section10.1 ). Temperature conditions were optimised for each reaction. The 
PCR segment of RT-PCR consisted of 25 cycles of 95°C x 40'; 57°C x 20'; 
68°C X 30", preceded by a 94°C X 2' Step. 
2.2. Southern hybridization - Was performed as mentioned under Materials 
and Methods (chapter II, section 8.1). Hybridization was performed with a 32P 
labelled, 344 bp 5Spr20-specific Taql fragment from the spacer region at 
68°C and washed at 65°C in 3xSSC followed by1xSSC and 0.1xSSC. 
2.3. 5Spr20 copy number determination - Slot blot hybridization was 
performed according to the method of Cullis et al [1984]. Two-fold serial 
dilutions of pine genomic DNA ranging from 9 pg - 580 ng and of standards 
ranging from 8-512 and 104 - 106 copies of 5Spr20-specific Taql probe were 
slot-blotted on +vely charged membranes and hybridized as in Southern 
hybridization. 
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2.4. Vector construction for tra · t . . ns1en expression studies - Transformation 
vectors were constructed by sequential cloning of the pol Ill terminator, gus 
coding sequence and 5Spr20 promoter 1·n pSK Th ded . e gus sequence prece 
by a monocot ribosomal binding sequence C(A/C)(A/G)(A/C)CAUGGCG 
[Joshi et al, 1997] was obtained from pGUS (Figure-3.1) (gifted by Geenz) 











Figure-3.1. Binary vector pGUS. Figure shows the various restriction sites in the 
expression cassette which consists of a 2x35S promoter, gus ORF and CaMV 
terminator. RB = Right border of tDNA, LB = Left border of tDNA. 
Primers 5' ttgcaccctcccccctctttt 3' (containing a restriction site for Xbal) and 5' 
tgacgcgatcgcacccgca 3' (containing a Sacl site) were used to amplify a 91 bp 
fragment containing the putative transcription termination signal (section 
3.4.1.1) which was ligated with pSK to give pT. The1 .8 kb Hindlll/EcoRI gus 
ORF in pGUS (Figure-3.1) was directionally cloned into pT to give pST. To 
prepare the antisense construct, a -600 bp BamHI/EcoRV fragment from the 
5' end of gus in pGUS was cloned into pT to give pAT. A 183 bp Kpnl/Xhol 
5Spr20 promoter comprising the coding region and 63 bases of the immediate 
upstream spacer region was amplified from 5Spr20 using forward (F) 5' 
taaggtaccgccatggatgggcccctg 3' and reverse primer (R) 5' 
tccctcgagggagggtgcaacactagga 3' and cloned into the Kpnl/Xhol site of pST 
and pAT. 
The ligated products failed to produce transformants and ligation was 
repeated over a range of ligand ratios without any success. Kpnl ends are 
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sometimes recalcitrant to ligat· · th · · ion, erefore, ligations were repeated with 
ligands end-filled after Kpnl digestion and then digested with Xhol to produce 
fragments bearing a blunt and a cohesive end. The heat-shock method of 
transformation was also tested. However, all these attempts ended in failure. 
The expression vectors were finally constructed by repeating the whole 
cloning exercise in the cloning vector pKS and the 5Spr20 promoter fragment 
was successfully cloned upstream of gus followed by the terminator to 
produce sense vector p5S and antisense construct p5A. 







Figure-3.2. The shRNA cassette. The hairpin formed by complementary sense and 
antisense GUS sequences linked by a loop is flanked on the 5' and 3' ends by the 
5Spr20 promoter and terminator, respectively. 
The 21nt sequence 5'GCCGATGCAGATATTCGTAAT3' from position 166 of 
the gus ORF and its complementary sequence for the hairpin were selected 
using the algorithm of Tuschl et al [Dykxhoorn et al, 2003]; the sequence 
5'TTCAAGAGA3' formed the loop region and five thymidine residues formed 
the terminator. The 5Spr20 promoter amplified with the same primers as in 
section 2.4 but containing Sacl and Xbal sites was cloned in pGEM-T to give 
pPro20. The cassette consisting of 5Spr20 promoter, 21 nt sense gus, 9nt 
loop, 21 nt antisense gus and terminator (Figure-3.2) was amplified by overlap 
PCR [Gou & Liu, 2003] using the 5Spr20 promoter forward primer-F and two 
reverse hairpin primers P-1 and P-2. In the first round of PCR, pPro20 was 
amplified with the forward promoter primer and the reverse hairpin primer P-1 
5'TCTCTTGAA-ATTACGAA TATCTGCATCGGC-TCTAGAAGGGTGCAACA3' 
containing the reverse sequence of the nine base loop, followed by 21 bases 
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of antisense gus and a 17 bp overlap with the 3' end of 5Spr20 in pPro20. The 
diluted primary PCR was reamplified with forward promoter primer and 
reverse primer P-2 5'CTCGAG-AAAAA-GCCGATGCAGATA TTCGT AA T-
TCTCTTGAA-A TT AC containing an Xhol site, reverse terminator, followed by 
21 nt sense gus and a 14-base overlap with the loop and gus sequence. The 
cassette consisting of the promoter, hairpin and terminator was excised with 
Sacl-Xhol and cloned in binary vector pGreen 0029-62 SK. The construct and 
helper plasmid pSoup were cotransformed into Agrobacterium strain LBA4404 
and transformants were confirmed by back-transformation and sequencing of 
back transformants. 
2.6. RNA isolation from N. benthamiana 
Total RNA was extracted from leaves using TRlzol reagent (lnvitrogen) 
according to manufacturer's instructions. The small RNA fraction which 
includes siRNA was isolated by the method of Llave et al [2000]. The total 
RNA solution was made to 0.5M NaCl and 10% PEG (8000) and incubated at 
4°C for 30'. The mRNA and rRNA were precipitated by spinning at 12,000 rpm 
for 15'. Three volumes of EtOH was added to the supernatant and kept at -
20°C for two hours. The mixture was spun at 12,000 rpm for 15' and the 
precipitate dissolved in DEPC-treated water. 
3. RESULTS 
3.1. Pine DNA 
Pine genomic DNA was extracted from various tissues (chapter II, 1.2) for use 
in PCR and Southern analysis. All preparations contained high molecular 
weight DNA as evinced by a single migrating band (Figure-3.3) of >60 kb size. 
1 2 
F. -3 3 p·ne genomic DNA. Lane 1. 1 Kb plus ladder, Lane 2. pine DNA. 4µ1 DNA igure . I I d t . d ·th EtB was electrophoresed in 0.8% TAE agarose ge an s aine w1 r. 
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The quality of DNA obtained from different tissues varied according to the 
level of contaminants in the tissues. The DNA was tested for yield, degree of 
contamination and susceptibility to restriction endonucleases (Table 3.1). The 
fluorescence of residual mate · I I ft · 1 · ria e m ge wells after electrophoresis was 
taken as a measure of contamination. DNA concentration was measured 
fluorometrically using Hoechst dye 33258 (bisbenzimide). 
Table-3.1 DNA yield (µg/g fresh tissue) and quality 
Tissue Mature xylem Juvenile plant Mature needle 
Yield 40 18 24 
Polysaccharides Low Medium High 
Digestibility 1 Good Moderate Low 
1 DNA was digested with 3units of several 6-base cutter enzymes µ9·1 DNA. 
Polysaccharide contamination was estimated from residual fluorescence in gel wells. 
DNA obtained from juvenile plants and xylem was routinely used in assays 
3.2. Isolation of SS rDNA 
Several genomic clones exhibiting partial homology to five P. radiata [Moran 
et al, 1992], five Asian pine [Liu et al, 2003] and three gymnosperm [Brown & 
Carlson, 1996; Trontin et al, 1999; Besendofer et al, 2004) SS rDNA genes 
were isolated during routine screening of an enriched Haelll subgenomic 
library (chapter II, 12.4). Homology search of one genomic clone using 
BLASTn (basic local alignment search tool) revealed two high scoring 
segment pairs (HSPs +1 to +82 and -1 to -47), which bore very significant 
homology (score= 196-103, E value= 6e-48 to 7e-20) to SS rDNA genes of 
gymnosperms. Seventy-six bases at the 3' end of the clone shared 96-99% 
sequence identity to residues + 1 to + 76 of the coding sequence of SS rDNA of 
several gymnosperms and angiosperms; in addition, the 47 bases 
immediately preceding the putative coding region showed absolute homology 
to sequences in identical locations in the nontranscribed region of five pine SS 
rDNA genes (Figure-3.3). 
ctctctctcctttcccttttgattgctcaccaattcttccgctgggaggcaccacca 
agtcgtggaagagggcgagctcctgtgccgaagcgtctcggatcgaaggccatggat 
t +l gggcccc-47 tggctcggcggtctcccttgaagagggggaggggg gagacctttgc 
67 
Chapter III SS rDNA 
gggtgcgatcataccagcgttaatccaccggatcccattagaactccgcagttaag 
cgcgct tgggctagagtagt +76 
Figu~e-3.3 Partial sequence of the 5S rDNA clone. The region homologous to 
pub!1shed 5S r_DNA se~uences is in blue. Bases +1 to + 76 are homologous to the 
coding/ transcribed region of several angiosperm and gymnosperm 5S rDNA. 
Therefore, this genomic clone possibly represents a putative pine SS rDNA 
paralog and contains the partial sequences of its coding and spacer regions. 
SS rRNA genes of most eukaryotes consist of the coding region flanked by 
nontranscribed spacer regions. Therefore, it is presumed that the 168 bases 
preceding the putative coding region of this clone belong to its spacer region. 
The existence of SS rDNA paralogs has been demonstrated in several plant 
species such as Triticeae [Appels et al, 1989], rice [Hariharan et al, 1987], pea 
[Ellis et al, 1988] and flax [Goldsborough et al, 1982]. In pine too, five paralogs 
have been reported [Moran et al, 1992]. Since, the S'-most 121 bases of the 
spacer sequence of this genomic clone show low (<30%) homology to 
published pine sequences, it could be surmised that this genomic clone 
represents a novel pine SS rDNA gene. 
3.2.1. Amplification strategy for 5Spr20 gene isolation 
The complete sequence of a novel pine SS rDNA gene, 5Spr20, comprising 
the complete coding and spacer regions was amplified from pine genomic 
DNA using PCR by exploiting the long-range structure of plant SS rDNA 
genes [Gottlob-MacHugh et al, 1990]. If it is assumed that SS rDNA genes are 
present as direct tandem repeats in the pine genome, as they are in 
angiosperms, it should be possible to amplify the complete gene of the above 
partial genomic clone using primers (based on the partial sequence) to read 
out into the unknown region in a manner reminiscent of inverse PCR [Silver & 
Kerrikatte, 1989]. 
3.2.2. Primer design and PCR amplification 
The spacer region spanned by positions -48 to -168 of the genomic clone 
shows very low homology (0-30%) to sequences of five published pine SS 
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rDNA paralogs. Therefore this · · · · , region 1s distinct from sequences of known 
paralogs and may be used to d · · · · es1gn gene-spec1f1c primers to amplify novel 
paralogs. Forward primer 5' g t c gggaggcaccaccaa 3' and reverse primer 5' 
ggaagaattggtgagcaatcaa 3' (Figure-3.4) were used to amplify genomic DNA. 
-1 68 t t t t t 150 
c c c c cc ttccctt- ttgattgctcaccaattcttcc- 128gctgggagg 
c a ccacc aagtcgtggaagagggcgagctcctgtgccgaagcgtctcggatcgaagg 
ccatggatgggcccctggctcggcggtctcccttgaagagggggagggggtgaga- 6c 
Figure-3.4. Parti_al sequence of the genomic clone showing the location of primers. 
The sequences 1n red ar~ forward primer (-128 to -112) and reverse primer (-129 to -
150) from the spacer region (See Section 4.1 for more details). 
An amplicon - 800 bp long was amplified from genomic DNA at an annealing 
temperature of 58°C (Figure-3.5). 
1 2 3 
1.6 kb 
850 bp 
Figure-3.5. 5Spr20 amplification. Lane1 . 5Spr20, Lane 2. -ve control, Lane 3. 1 Kb 
plus ladder. 20ng pine DNA was amplified using 25 cycles of 95°Cx40", 58°Cx15", 
72°Cx1" and PCR was electrophoresed in 1% TAE gel. 
The purified fragment was cloned and sequenced. Several clones displaying 
micro-heterogeneity arising from point mutations in the coding region and in 
the immediately upstream region were isolated. From among these, the 
genomic clone 5Spr20 containing all the features essential for transcription, 
such as a cytosine at the -1 position [Amerasinghe & Carlson, 1998] and the 
consensus sequences -SYYAA-C, S-RR-YAGU and -GRUGGG-GA at 
positions +50, +67 and +82, respectively [Wolters & Erdmann, 1988; 
Venkateswarlu et al, 1991] was selected for further study. 
3.3. 5Spr20 gene characterization 
A comparison of the nucleotide sequences of 5Spr20 rDNA with its orthologs 
and paralogs in the plant kingdom reveals a high degree of conservation of 
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several features which may have implications for transcription, despite 
extensive sequence diversification among these genes. 
3.3.1 . 5Spr20 is a novel gene 
5Spr20 gene is 820 bp long and comprises a 700 bp spacer and a 120 bp 
transcribed region. (Figures-3.6, 3.7). 
- 700 
ccccctc ttttgcgc ggct c ggcggagccagcgggagttatccttgcgggtgcg 
atcgcgt c agggttaatgc ggagctccgcatgcac gcacgctcgacggggaattgga 
ttacgttgc g c gtttatc t c g-569 ttttgcgacgcggggccacttgtatactggttt 
agaatggaaatgccg c gaac gaagggatcgtcggagcatcatggaggcagggggagc 
ctaaccgagggaaacgacggc t c gctttaagactgctc caagggaaatccgagaaca 
ggttcttcttcgtggtc ggaagtcacaagcgggattacagtgcaacggaggcggcgc 
gttgtggcggtgggc gatgaatctaggaccgctcgcaccactgtagcaaatatgaca 
cg agg aggtgggc gag aggtgtag ace a tgtgtac-274 t tttgtaggaa ttcgaa-25 
7 ttttggaagaaccgtggat c gt - 35 tcacggaaaggccgcgcgagctccacgcagc 
gtcgtcggtggccgcgaaactt a cgcc-177 tttttc ttctc tctcttctttccc-153 t 
tttttttg c t c a cccaatt c tt c cgctgggaggcacca-113ccaagtcgtggaagag 
ggcgagctcctgcgcc-82gaaccgtttcggatcgagggccatggatgggcccc-47 tg 
gctcggcggtctcccttgaagagggggagggggt gag a cctttg- 1c +1gggtgcgat 
c a t a ccagcgttaatccaccggatcccattagaactccgcagttaagcgcgcttgqg 
+120 ctaga g t agtactgggatgggtgacctcccgggaagtc~tagtgttgcaccct c 
Figure-3.6. The 5Spr20 nucleotide sequence: The coding sequence is in blue 
lettering, polythymidine regions in brown and flanking sequences conserved in 
published pine paralogs in red 
5Spr20 exhibits length and therefore sequence polymorphism compared to 
published pine paralogs (see below) and is therefore a novel gene. 
The subgenus Pinus is made up of new- and old-world species; 5S RNA 
genes of the new world species, of which P. radiata is a member, occur in two 
size classes of - 850 and 525 bp [Moran et al, 1992]. 5Spr20 is 820 bp long 
and therefore belongs to the long unit class. It is longer than pine 5S rDNA 
paralogs 5Spr9 (502 bp), 5Spr5 (523 bp), 5Spr7 (537 bp) and 5Spr6 (538 bp) 
and shorter than 5Spr10 (851 bp) [Moran et al, 1992). 
3.3.2. 5Spr20 coding region 
5Spr20 contains a putative full-length 120 bp coding region, which by analogy 
with angiosperm data would be expected to show high homology to coding 
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bccm.rcc~,nGAAcr can~TIAGCOCIX'HQGCC'l GAG'Mt CTGcmoacr;c cTCCc;c uoTcCTA;r;rrac~TCCocc1.,cnmm:;a:,co«G 
D lO 30 (O . ~O 60 70 10 90 100 110 lit· 1 
\ I 
GAGCCAGCGGGAGTTATCCTTOC:GGQl'OCGA!COCa:CGGGGflATGCGGAGCTCCGCAfDCGCl:QCTCU:GHA!ftl!IC;T~Q:Gff!l!CtcfflffS:llCIE9'JOOC1 
30 110 150 160 170 11D 190 . 200 211 221 231 2tD 150 . 
ic TTGl'ATA TTGGT TTAGAA TGGAATOCC a: Q.J.C ~AGGGA;C G'ltGGAGCA TCAAGGGG~A·Qe~GAOC CTAAC CGlG04UM: ~Git TC itHAAdAc!IE TCt'-AGGGAAl! 0 
260 210 2ao 2,0 Joo 310 no m . 340 350 . l&D m 
AGAACAGCTTCT'ICTTCGl'GG'l'CGGAAa?CACAGGCGGGATTACAGTDltCGGAGGCGGC4 
lBO 390 400· 410 m m · 4· 
(B) 
·~A.IAMJGCG'ltJ.GT TC CQ:G it OC CllAC!aC GO? OC GTGGAGCT COC GCGGCCT TTCC(IGAACGATCClCGGTTCJfCWlU!CGAAT'l'CCT,CllWlTlCl TATGA!CTM: 
10 20 • JO 40 50 iO 70 80 90 100 110 120. 1; 
: C TC me CCACC·CTC CTK GT GT CA TAT TT It TACA GTGGTOC GAOC GGTC CTAGATTCATc«:CCI.C COCCACAACOC occ~c T' 
10 140 150 160 170 180 190 lDD l10 
"l'JJK...iu..,.-... 
. uence of 5Spr20 from +25 to +120 and continuing into spacer 
Fig~re-3.7. (A) Forwa)rRd seq se sequence of positions -168 to -374 of the spacer region. 
region from -700. (B ever 
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regions of several gymnosperm and angiosperm 5S rDNAs. The table below 
compares the coding regions of 5Spr20 with those of five published pine 
sequences of paralogs, and orthologs from Laryx decidua and Gossypium 
.turneri (Figure-3.8). 
B ase pos1t10n + 37 
5Spr20 gggtgcgatcataccagcgttaatgcaccggatcccattaga 
5Spr58 gggtgcgatcataccagcgttaatgcaccggatcccatc a g a 
5Spr~ gggtgc gatcataccagcgttaatgcaccggatcccatc aga 
5Spr?8 gggtgcgatcataccagcgttaatgcaccggatcccatc aga 
5Spr98 gggtgcgatcataccagcgttaatgcaccggatccca t c aga 
5Spr1a8 gggtgcgatcataccagcgttaatgcaccga atccca t c aga 
Larix0 gggtgcgatcataccagcgttaatgcaccggatccca t c aga 
Gossypiumc gggtgcgatcataccagcactaatgcaccggatccca t c aga 
50 64 67 72 80 
5Spr20 actccgcagttaagcgcgcttgggctagagtagtactgggat 
5Spr58 actccgcagttaagcgcgcttgggctagagtagtactgggat 
5Spr~ actccgcagttaagcgcgcttgggctagagt agtact gggat 
5Spr?8 actccgcagttaagcgcgcttgggctagagtagtactgggat 
5Spr98 actccgcagttaagcgcgcttgggctagagtagtact gggat 
5Spr108 actccgcagttt agcgcgcttgggctagagt agtac t gggat 
Larix0 actccgcagttaagcacgcttgggctagagtagtgctgggat 




5Spr~ gggtgacctcccgggaagtcctagtgttgcaccc tc 
5Spr?8 gggtgacctcccgggaagtcctagtgttgcaccctc 
5Spr98 gggtgacctcccgggaagtcctagtgttgcaccc tc 
5Spr1a8 gggtgacctcccgggaagtcctagtgttgcaccctc 
Larix0 gggtgacctcccgggaagtcctagtgttgcaccctc 
Gossypiumc gggtgacctcct gggaagtcctc gtgttgcacccct 
Figure-3.8. Multiple alignment of 5S coding sequences. Sequences in bl~e l~ttering 
correspond to A box= bases 50-64, I Box= 6~-72 & C box= 80-90; a= ~me 1solat~s 
- Moran et al (1992); b = Larix decidua - :rront1n et al (1999); c = Gossypwm turner, -
Cronn et al (1996). Base differences are in red. 
The putative internal promoters, namely the A-, I- and C-boxes are very highly 
conserved in all pine paralogs (Figure-3.8). The overall sequence identity is 
also high between 5Spr20 and its paralogs. They differ only by 1-2 residues at 
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positions +31 +39 and +54 t· 1 · • · • , , respec 1ve y, the variation being due to point 
mutations by a-g and c-t base transition; 5Spr20 differs from 5Spr10 at 
position +31 by a guanine residue that forms part of a BamHI restriction site, 
which explains some of the later Southern blot results (section 3.4.1 ). A 
BLASTn homology search revealed that the homology between coding 
sequences of 5Spr20 and orthologs in several higher plants is -92-99%. 
A triple G block (positions +1 to +3 in Figure-3.8) marks the beginning of the 
coding sequence; a pyrimidine-purine dinucleotide made up of the first G of 
the triple block ( + 1) and the preceding C at -1 are required for Pol 111 
transcription [Fruscoloni et al, 1995]. The penultimate base of the coding 
sequence is an invariant thymidine residue. Six-base inverted repeats 
GGGTGC and GCACCC occur at the 5' and 3' ends of the gene, respectively, 
which are critical for the secondary structure of the transcript. In common with 
other paralogs, 5Spr20 has a high GC content of 76%. Normally one would 
anticipate problems in PCR amplification of such GC-rich templates; however, 
this posed no problem and the sequence was easily amplified from genomic 
DNA without the need for PCR enhancers or special polymerase enzyme 
mixtures. 
3.3.3. 5Spr20 spacer region 
The spacer regions of most 5S rDNA genes contain several regulato~ 
elements which determine transcription initiation and termination. 
3.3.3.1. Upstream elements 
The flanking region of 5Spr20 is GC rich and has a GC content of 62%. A 
cytosine nucleotide is found at position -1 (Figure-3.9) as in 5S rDNA of many 
plant species [Amerasinghe & Carlson, 1998]. 
-30 upstream region - I coding region 
5Spr20 ttgaagagggggagggggtgagacctttgc gggtgcgatc 
5Spr91 ttgaagagggggagggggcgagatctttgc gggtgcgatc 
Fir ttgaagagggggaggaggagtgatccttgc gggtgcgatc 
Flaxj ttcaaataagagtgatcgtgagaagtcgac gggtgcgatc 
Wheat4 ggataagggacgaagaccgggtaacatgtc ggatgcgatc 
Petunia0 gataacagaagttagagcgcaaagaatgac agatgcgatc 
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Figure-3.9. Upstream . sequence (-1 to -30) of plant SS rRNA genes. Blue lettered 
sequen_ce is the putative GC-rich region. The conserved cytosine residue is shown in 
red. 1 -_Mo~an et al, 1992; 2 = Amerasinghe & Carlson, 1998, 3 = Goldsborough et 
al, 1982, 4 - Gerlach & Dyer, 1980; 5 = Frasch et al, 1989· 6 = Ellis et al 1988· 7 = 
Venkateswarlu et al, 1991. ' ' ' 
Similarly, a region consisting entirely of G residues centred at -15 occurs in 
5Spr20 and other pine paralogs, resembling the G/C-rich region at position -
13 in several angiosperm 5S rDNAs [Venkateswarlu et al, 1991]. The cytosine 
residue and the G/C region are both regarded as important transcriptional 
features of 5S rDNA genes and were shown to be essential for accurate and 
efficient transcription in Arabidopsis [Cloix et al, 2003]. 
3.3.3.2. Downstream elements 
A stop signal consisting of four T residues is sufficient for accurate termination 
and production of 5S rRNA of the correct length. in A.thaliana [Cloix et al, 
2003]. A putative transcription stop signal [Gottlob McHugh et al, 1990] 
consisting of four T residues flanked by 6-7 C/G residues occurs eight bases 
downstream of the coding region at position -693 (Figure-3.6). Similar runs of 
thymidine are found at positions -153, -177, -257, -274 and -569. The context 
in which these elements occur, which could vary among genes is thought to 
determine Pol Ill termination [Bogenhagen & Brown, 1981; Gunnery & 
Mathew, 1999]. Whilst little is known of a gymnosperm consensus stop 
sequence, the 4T runs at positions -153 and -569 flanked by c/g rich or g+c 
dinucleotides, respectively, which are presumed to decelerate transcription 
also qualify as stop signals. 
3.3.3.3. Repeat elements 
Most plant 5S rDNAs contain several small stretches of sequences that are 
tandemly repeated elsewhere in the spacer but are not conserved between 
plant species (Figure-3.10). These repeat elements range in size from 8 bp in 
Mathiola [Hemleben & Werts, 1988] to 50 bp in pea [Ellis et al, 1988]. 
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Species Reoeat # Duplications 
Tobacco 1 aaatacat 2 
Wheat2 gttgagaggg 3 
Petunia;j ataacgtc 3 
Figure-3.10. Repeat sequence elements in plant SS rDNA. 1 = Venkatesvaralu et al 
1991; 2 = Gerlach & Dyer, 1980; 3 = Frasch et al, 1989. ' 
5Spr20 also contains a 10 bp element GGCTCGGCGG at positions -685 and 
-46 (Figure-3.6). 
A salient feature of 5Spr20 is the duplication of a 13 bp region straddling the 
transcription start site (ts) in the spacer region. The sequence 
TTGCGGGTGCGATC (-4 to +10) surrounding the start site is duplicated 657 
bases upstream of the true start site. The 13 bp element is flanked by 
imperfect copies of sequences which exhibit -60% identity at both sites 
(Figure-3.11 ). 
-635 
U stream ts ttaat 
Core start site 
-15 -5 -4 + 10 + II +24 
Figure-3.11. Comparison of the core start site region and the upstream duplication. 
The long 5S rDNA paralog 5Spr10 also contains a similar duplication at more 
or less the same position in its spacer region (Figure-3.12). 
Figure-3.12. Duplication of the start site region in 5Spr20 and 5Spr10. 
The repeat is not found in the short 5S rDNA paralogs 5Spr-5, -6 -7 and -9. 
3.3.3.4. Sequence homology with pine paralogs 
The intercistronic region of 5Spr20 shows limited homology to those of its 
paralogs, which indicates that spacer regions are not subject to strong 
evolutionary constraints as are the coding sequence. Pairwise alignment was 
performed using gapped BLAST, where word size was decreased to 1 O, 
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filtering was turned off to accommodate low complexity thymidine repeats and 
E was set at default value. The homology between 5Spr20 and most pine 5S 
rDNA isolates appeared to be only 21-26% with the exception of 5Spr10, with 
which 5Spr20 shared 55% homology. 
3.3.3.5. Sequence/evolutionary relationship 
As a result of the sequence divergence in their spacer region, pine 5S rDNA 
isolates fall into two phylogenetic clades with 5Spr20 showing closest 
relationship to 5Spr10. CLUSTAL W [Thompson et al, 1994] was used to 
perform (progressive) multiple alignment of the spacer sequences of pine 5S 
rDNA paralogs; an outgroup was not included since this is an intra-species 
comparison. Since the sequences are <1000 bases the slow dynamic 
programming option was used. For the initial pairwise alignment k-tuple (word 
size) was set at 1 and window size at 5, for maximum sensitivity. An unrooted 
tree was created from similarity scores (percent identity) of the alignments; the 
tree has branch lengths proportional to estimated divergence from each 





Figure-3.13 Unrooted tree showing branch lengths drawn to scale. 
A rooted guide tree was computed from the neighbour-joining tree using the 
mid-point method and was subject to bootstrapping to give a measure of the 
reliability of the groupings within the tree. The consensus phylogenetic tree 
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derived from 100 iterations · · 
. was visually displayed using PHYLIP (phylogeny 











Fig-3. 14 Consensus phylogenic tree of pine SS rDNA paralogs based on spacer 
sequences. Numbers at the nodes indicate bootstrap values of 100 replicates. An 
outgroup is not included as this is a comparison of ligands within a species 
The phylogenetic tree shows a clear division of the short and long paralogs 
into two clusters. Bootstrap values of >90 at the branch points are statistically 
significant and confirm that these nodes are valid. 
The 'greedy' nature of the alignment strategy results in the 'local minimum 
problem' [Thompson et al, 1994); it does not allow for any alterations to be 
made to the earlier alignments of closely related sequences. However, the 
method works well when all of the sequences are not highly divergent (ie. 
When there is >25-30% identity between any pair of sequences). Pairwise 
identity within the clades ranges from 50-90% and therefore, the evolutionary 
relationship among pine 5S rDNA paralogs as shown by the phylogenetic tree 
is valid. The grouping shows that within pine 5S rDNA paralogs the nucleotide 
sequence of 5Spr20 is most closely related to that of 5Spr10. 
3.3.3.6. Sequence homology with 5S rDNA orthologs 
There is even less sequence homology between 5S gene spacer sequences 
of pine and most gymnosperms and angiosperms; 5S rDNA of the 
gymnosperm Larix decidua (larch) which comes closest to 5Spr20 shows a 
mere 8% base identity. Thus, the sequence divergence among the repeat 
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genes is more between species th ·th· · · an w1 m species. Such concerted evolution 
[Liao, 1999] is believed to result from DNA b" t· · d recom ma 10n, repair an 
replication mechanisms such as unequal crossi·ng b tw t ·t -over e een repea uni s. 
3.3.3.7. Conserved regions 
In spite of the spacer region sequence diversity, several highly conserved 
regions are recognized among 5Spr20 and its paralogs (Figure-3.15). 
5Spr2C ccccctcttttgcgcggctcggcggagccagcgggagttatccttgcgggtgcga 
5Spr5 ccccccttttt gcggcgcggcgga 
5Spr6 ccccccttttt gcggcgcggcgga 
5Spr7 ccccccttttt gcggcgcggcgga 
5Spr9 ccccccttttt gcggcgcggcgga 
5Spr1C ccccct ttttgtgcggcgcgacggagccagcgggagtgatcctcgcgggtgcga 
5Spr2C tcgcgtcagggttaatgcggagctccgcatgcacgcacgctcgacggggaattgga l 
5Spr1C tcgcgccggcgttagtgcggaactccgc I 
5Spr2q ttacgttgcgcgtttatctcgttttgcgacgcggggccacttgtatactggtttaga j 
5Spr2 atggaatgccgcgaacgaagggatcgtcggagcatcatggaggcagggggagcctaa 
5Spr1 atgggatcccgcgaatgaagagatcgtcggagcattaaggggggagggggagcacaa 
5Spr20 ccgagggaaacgacggctcgctttaagactgctccaagggaaatccgagaacaggt t 
5Spr10 cgagggaaac 








5Spr2 aggag gtgggcgagaggtgtagaccatgtgtactttt 
5Spr5 aggagagtagg actttt 
5Spr6 aggagagtagg 
5Spr7 aggagagtagg tatatac tt 
5Spr9 aggagagtaggcgagaggtttaaaccatatatactttt 
5Spr1 gggagggtagggaagaggtttaaagcatatgcgctttt 
5Spr2 aagaacc gtggatcgt tcac 
5Spr5 agggacccgtggc cgt tcac 
5Spr6 agg gacccgtgggccgt t cac 
5Spr7 agggacccgtgggccgt tcac 
5Spr9 gggaccc gtggg cgt tcac 
5Spr1 gaa aacc gcggatggct cac 
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5Spr2 tcacccaattcttccgctgggaggcacc;ccaa ctcc t 
5Spr5 ctcccc 
5Spr6 - tee c 
5Spr7 ctcc 
5Spr1 gaggcgccgccaa ctcc 
-82 -47 
5Spr2C gcqccqaaccgtttcggatcgagggccatggatgggcccctggctcggcggtctccc 
5Spr5 gcqccqagccg ttcggatcgggggccatggatgg tggctcggcggtctccc 
5Spr6 gcqccqagccgcttcgtaccgggggccatggatgggcc tggctcggcggtctccc 
5Spr7 Gcqccqagccgcttcgtaccgggggccatggatgg cc tggctcggcggtctccc 
5Spr9 tggctcggcggtctccc 
5Spr1C cqcqccq gcccatggctcggcagtctccc 
- 1 
5Spr20 ttgaagagggggagggggtga gacctttgc 
5Spr5 ttgaa gagggggagggggcgagatctttgc 
5Spr6 ttgaagagggggagggggc gagatctttgc 
5Spr7 ttgaagagggggagggggc gagatctttgc 
5Spr9 ttgaagagggggagggggcgagatct ttgc 
5Spr10 ttaaagagggggagggggcgagatctttgc 
Figure-3.15 Comparison of spacer regions of pine 5S isoforms. Conserved regions 
are in red lettering. -1 indicates position immediately upstream of coding sequence. 
The region immediately upstream of the coding sequence (-1 to -47) is almost 
identical in all isolates. Two regions which occur further upstream at positions 
-233 to -170 (64 bp) and -271 to -250 (22 bp) are also highly conserved (95%) 
in all pine isolates; the smaller 22 bp region has low duplex stability and is rich 
in adenine and thymidine bases. 
3.4. Gene copy analysis 
3.4.1. Southern Analysis 
The multicopy nature of 5Spr20 was confirmed by Southern analysis. 
Southern blot analysis was performed with pine genomic DNA digested with 
enzymes, some of which cut within the repeat and others outside. Digestion 
was performed overnight using 20 U enzyme per µg DNA. 
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The 344 bp Taql fragment from ·t· 
pos1 ions -605 to -261 of 5Spr20 intercistronic 
region exhibits low homology (3-30%) to other pine paralogs (Figure-3.15) and 
was therefore, used as the gene-specific probe. Hybridization was performed 
under stringent conditions with the random labelled 344 bp Taql fragment. 
The EcoRI (cuts within the gene) digest produced a ladder-like pattern 
extending upwards from the lowermost intense band corresponding to the 







Figure-3.16. Southern hybridisation. Lane 1. EcoRI digest, Lane 2. BamHI digest. 
30µg pine genomic DNA was digested with EcoRI or BamHI, electrophoresed in 
0.8% TAE agarose gels and transferred to nylon membrane. Hybridization was done 
at 65°C using 32P-labelled 5Spr20-specific probe and blots were washed at 60°C. 
BamHI which has a unique cleavage site within the 5Spr20 coding sequence 
produced a similiar ladder of multimers (Figure-3.16, lane 2) with sizes that 
were in multiples of the monomer size; the monomer band is not visible in 
films because it constitutes <5% of the ladder (see below). 
The EcoRI lane contained at least seven resolvable ladder bands and BamHI 
lane contained 1 O bands. This indicates that the minimum size of the longest 
tandem array of 5Spr20 genes is -8 kb (820 bp x 10). Densitometer tracings 
of the EcoRI and BamHI lanes show that nearly 74% and s 5%, respectively, 
of 5Spr20 DNA is found in the monomer form. 
In comparison to this, BamHI digested pine DNA probed with the highly 
conserved coding region resulted in very intense ladder of bands (Figure-
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3.17). This suggests that methylation is not restricted to 5Spr20 units alone 
but occurs in most pine 5S rDNA units. 
12 kb 
1.6 kb .. -
F_igure-3.1 ~- Southern hybridization with :s:lP-labelled probe. 30µg BamHI digested 
pine genomic DNA was electrophoresed in 0.8% TAE agarose gels and transferred 
to nylon membrane. Hybridization using 5Spr20 coding region probe was conducted 
at 65°C and blots were washed at 60°C. 
Hindlll and EcoRV (which do not cut within the gene) digests produced a high 
molecular weight smear which is consistent with enzymes cleaving outside a 
cluster of tandemly repeated genes (Figure-3.18). 
12 kb ... 
1 kb ... 
1 2 3 
Figure-3.18. Southern hybridization with 32P-labelled probe. Lane 1. EcoRV, Lane 2. 
1 kb ladder, Lane 3. Hindlll. 30µg digested pine genomic DNA was electrophoresed 
in 0.8% TAE agarose gels and transferred to nylon membrane. Hybridization using 
5Spr20-specific probe was conducted at 65°C and blots were washed at 60°C. 
3.4.2. Slot-blot analysis 
Gene reconstruction was done using slot blots (section 2.3) which 
accommodate a large number of DNA dilutions. A range of pine DNA and 
gene-specific probe dilutions were hybridised under stringent conditions and 
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their signal intensities were compared Phos h · · f h b ·d· d t · p or imaging o y n 1ze spo s 
showed that -18 pg genom· DNA · 1c was required to produce a detectable 
signal (Figure-3.19), whose intensity was nearly equal to that of 36 copies of 
the standard. 
1 apg..l, 
Figure-3.19 S_lot-blot hybridization of pine genomic DNA Section of the blot showing 
(f~om left to right) dots corresponding to -0.6 ng to 18 pg genomic DNA hybridized 
with 32P-labelle? _5Spr20 gene-specific probe. Arrow shows least detectable signal 
from spot containing 18pg genomic DNA equal to 36 copies of the DNA standard. 
The haploid pine genome (1 C) weighs -11 pg; therefore the number of 
5Spr20 rDNA copies present per haploid genome is 11 x 36/18 = 22. 
3.5. Transient expression studies 
The strength of 5Spr20 promoter was evaluated by transient expression of 
GUS in pine embryogenic tissue transformed with sense expression vector 
p5S and antisense vector p5A (section 2.4). P5S, where gus is placed under 
the control of 5Spr20 promoter was used to study the ability of the promoter to 
drive GUS protein synthesis, while p5A which contains gus in the antisense 
orientation and pGUS were used to co-transform pine tissue in antisense 
studies. A reporter such as green fluorescent protein (GFP or mGFP) would 
be ideal since transformation can be monitored non-invasively [Chalfie et al, 
1994] and it has been used successfully in pine [Tang et al, 2005]. However, 
because the gus reporter gene [Jefferson et al, 1987] was readily available in 
the laboratory it was used to evaluate 5Spr20 promoter efficiency. 
3.5.1. Vector construction 
3.5.1.1. Transcription termination signal 
When the ligated product of the 5Spr20 terminator fragment (section 2.4) and 
pSK was transformed into XL 1-blue competent cells no transformants were 
obtained. A possible explanation is that ligation did not take place as a result 
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of residual Taq polymerase activity [Kaufman & Evans, 1990] and presence of 
residual protecting groups [Birren et al., 1997]. 
Therefore, terminator amplicons were digested with Proteinase K to inactivate 
Taq polymerase. Double digested inserts and vectors were ligated but again 
they failed to produce transformants. Vector:insert ratio, wrong primer 
sequences and the lack of digestion at the primer ends are other possible 
reasons which may have contributed to the failure of ligation/transformation. 
Ligations were repeated at vector:insert ratios ranging from 1 :7 to 3:1 and the 
sequence of both primers were scanned to confirm the correct orientation of 
the restriction sites. No band shift was observed when digested and 
undigested amplicons were electrophoresed in 10% polyacrylamide gels. 
Several endonucleases are affected when their restriction sites occur close to 
duplex ends [Kaufman & Evans, 1990; Moreira & Noren, 1995]. In order to 
ensure that terminator amplicons had ligatable ends, the amplicons were first 
cloned into pGEM-T vector and the excised with Sacl-Xbal. The -90 bp 
terminator fragment was gel purified and cloned into pSK to produce pT. 
The insert was verified by PCR using terminator-specific primers (Figure-3.20) 
and by partial sequencing of the plasmid (Figure-3.21). 
1 2 3 
+-- 600bp 
IOObp 
Figure-3.20. PCR of a putative clone with terminator-specific primers.PCR 
amplifications were electrophoresed in 2% TAE agarose gel. Lane 1. +ve clone 
d · band 90 bp Lane 2 - ve water control, Lane 3.100 bp ladder. pro ucmg a - , · 
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Sac I 
Tennination signal 
tGc T GGA GC 'ICC T GAC GC GF TC GCACC C 
· . 220 230 . 24 GAAAGGATC.1\,:TCCCGTTGOC'.I'CCOCO.qAACATGCAAAAGAQGGGG~GGGTCI:AATC 
0 250 260 270 280 290 300 
Figure-3.21. Sequence of the antisense strand of pT. Shows the Sacl site at position 
220 and the poly-T terminator signal of 5Spr20 at position 280. 
3.5.1.2. GUS coding sequence 
3.5.1.2.1. Sense construct - pST 
The advantage of blue/white selection is not available during the second cycle 
of cloning and therefore, transformants were screened by PCR and restriction 
analyses. gus-specific PCR primers 5' atgttacgtcctgtagaaacc 3' and 5' 
ctttcttgtaacgcgctttccg 3' (positions +1 to +21 and +104 to +125, respectively of 
the uidA ORF) targeting the 5' end, and primers 5' tgcgcgttggcggtaacaaga 3' 
and 5' tcattgtttgcctccctgct 3' (positions +1682 to +1702 and +1793 to +1812, 
respectively) the 3' end of gus insert were used to test for the ends of gus 
CDS (Figure-3.22). 
<1111100 bp 
1 2 3 4 5 
Figure-3.22. PCR of pST with gus-specific prim~rs: 
1
Reactions ~ere electrophoresed 
in 2% TAE agarose gels. Lanes 1 & 3 - PC~ with 5 end gus pnmers; Lanes 2 & 4 -
PCR with 3' end gus primers. 3 & 4 are negative (water) controls. 
Restriction analysis was performed with EcoRV which cuts gus at two unique 
sites downstream of the ATG codon to give a fragment of approximately 250 
bp (Figure-3.23). 
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300 bp 
1 2 
Figure-3.23 EcoRV restriction digestion of a putative clone. Lane 1. Positive clone, 
Lane 2. 100 bp ladder. Digest was electrophoresed in 1.5% TAE agarose gel. 
One positive clone - pST was selected and partially sequenced to verify the 
junction sequences (Figure-3.24). The integrity of gus CDS was confirmed by 
sequencing from both ends (Figure-3.25). 
(1) Hindi II San BamHI Smal 
ggacagcccaagcttccaccatggcgtgcagggtcgacggatcccggg 
(2) EcoRI Smal BamHI Xbal 
ctgcaggaattccccgggggatcctctagagtcgaagctcgg 
Figure-3.24 Partial sequence of junction fragments at the gus cloning sites in pST. 
(1) Restriction site Hindlll at 5' end and San, BamHI & Smal sites flanking gus CDS. 
(2) Restriction sites EcoRI, Smal, BamHI and Xbal at the 3' end of gus. 
3.5.1.2.2. Antisense construct - pAT 
The -600 bp BamHI-EcoRV fragment of pGUS containing the 5' 556 bases of 
gus was cloned in an antisense orientation in pT to give pAT (section 2.4). 
Screening of positive transformants was done by PCR and restriction 
analysis. gus gene-specific primer 5' atgttacgtcctgtagaaacc 3' (section 
3.5.1.2.1) was used with M13F primer to detect transformants containing the 
gus insert; positive clones give a band of -600 bp (Figure-3.26). 
600 bp + 
1 2 3 4 
Figure-3.26. PCR of pAT clones. L~ne 1. 100 bp ladder, Lane _2. -v~ water control, 
Lanes 3 & 4 positive clones. Reactions were electrophoresed in 1.5 Yo agarose gel. 
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(1) ..l- End of gus sequence Chapter III SS rDNA 
(2) .J.. Start codon 
AACccarGAAAT™AAAcTc=ooccTGTGGGCATTCAGTcrQQM'CocaNU111C·~•TCA~G81111•11i111::cer'llli:!MUMa:mcDCAA 
110 140 150 160 170 1BO l.tO 200 210 . 220' 230 
~ ..,, <.T l"J.._ TC ,\::~:,v.:...;,: -:-'T'G<.';G~~ c;~·;c;T'"'TTGN.:·,, c..;c(~ .. '. TA 'rr'AA.C"M' 'I'I1.'T A.AT aJC CT(BIP.AGTGCC~ 'ITTGTTQ\GIJTT CCCCG 'nGAC'TGCJCTTI'TI'CGCTG IIA:'.M.G TT '!"TT 
-,;, 0 ·r;.c 740 7c,r_, Jt:-CJ 770 780 7.;JO SOO 810 820 830 
Figure-3.25 Sequence of gus in pST clone. (1) Reverse sequence of gus showing the last 
codon (2) Forward sequence showing start codon 
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Positive clones digested with Spel and San 6 gave a - 00 bp fragment. One 
clone, pAT was selected for cloning the promoter (Figure-3.27). 
+ 600 bp 
1 2 3 
Figure-3.27. Spel/Sa/1 digest of pAT. Lane 1. Digested plasmid, Lane 2. Undigested plasmid, Lane 3. 100bp 
Ladder Electrophoresed in 1.5% TAE agarose gel. 
3.5.1.2.3. Cloning the promoter in pST and pAT 
The third cycle of cloning involves placing the 5spr20 promoter upstream of the 
gus sequence in pST and pAT. Several problems were encountered at this stage 
(section 2.4) and these were resolved by constructing the expression vectors in 
cloning vector pKS. The 5Spr20 promoter fragment was successfully cloned 
upstream of gus followed by the terminator to produce sense vector p5S (Figure-











Figure-3.28 Sense vector p5S. Shows th~ ~xpre~sion cassett~ con~isting of the promoter, gus ORF and the 
terminator flanked by Kpnl and Sacl restnct1on sites of pKS. Figure 1s not drawn to scale. 
3.5.2. Biolistic transformation 
The strength of 5Spr20 promoter was evaluated by transient GUS expression in 
biolistically transformed pine embryogenic tissue. Construct p5A was used to 
appraise the promoter's potential in gene downregulation and the expression 
vector p5S was used to study the promoter's ability to direct protein expression 
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in pine. pGUS, which contains gus under the control of duplicate CaMV 35S 
promoter was used as the positive control and non-bombarded tissue as 
negative control. 
In 'sense' studies, pine embryogenic tissue was biolistically transformed with 
p5S and pGUS, separately, at equimolar concentrations and promoter strength 
was assessed on transient expression of GUS. In antisense studies, pine tissue 
was cotransformed with p5A and pGUS and the antisense effect was gauged 
from the reduction in gus expression in cotransformed tissue compared to the 
positive control. The four treatments were (1) pGUS (+ve control) (2) p5A 
+pGUS (3) p5S (4) non-bombarded (-ve control). 
3.5.2.1. GUS expression analysis 
Protein was extracted from the various treatments and protein content of extracts 
determined by the Bradford assay [1976] ranged from 0.5 to 1 µg µr1 (appendix 
I). p-glucouronidase (GUS) activity in the extracts was· assessed by MUG assay 
(chapter II, 14.1 ), which is based on a linear rate of substrate hydrolysis as a 
function of time. The linearity of reaction over time was confirmed in preliminary 
time course assays using dilutions of a commercial GUS preparation containing 
10-2 and 10-4 units of enzyme (Appendix I). 
Enzyme assays were performed with extracts containing 25 µg protein and 
fluorescence was recorded at 0', 15' and 30' (chapter II, 14.1). Readings taken 
at the last two time points were within the linear scale and were averaged to give 
the GUS concentration from which the background noise recorded at 0' was 
subtracted. However, the assay readings were low and therefore the experiment 
was repeated using 50 µg protein in 400µ1 final volume and fluorescence was 
read only at 0' and 30' (Appendix I). 
Table-3.2 shows the mean GUS concentration computed for each treatment. A 
low level of background activity was detected in non-bombarded tissue which 
may be due to intrinsic fluorescence [Gartland et al, 1995]. The readings were 
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corrected for background noise and expressed as a percentage of the GUS 
concentration in pGUS (positive control) bombarded tissue (in column 3 of Table 
3.2). 
Table-3.2 GUS activity in tissue extracts 
Treatment Mean as%of 
pGUS 
pGUS8 
1075.4 (+87.2) 100 
p5A/pGUS 125.2 (±24.5) 10.1 
p5S 107.6 (±20.4) 8.5 
Control 17.9 (+4.05) 
Tabl~-3.2. Shows treatments a~~ their respective mean GUS activity expressed in pmoles MU min·1 mg·1 
protein. a = a~ '.'fo ?f pGUS act1v1ty was calculated after subtracting mean background activity (in control) 
from mean act1v1ty rn treatments. 
The transient GUS expression values show that the 5Spr20 promoter-antisense 
gus construct was very effective in suppressing GUS expression; GUS 
expression of cotransformed tissue was only -10% of that in tissues transformed 
with pGUS only. However, the 5Spr20 promoter is i!'lefficient in driving sense 
expression of GUS; GUS expression in tissues transformed with p5S was only 
9% of that in CaMV 35S promoter (in pGUS) transformed tissue (Figure-3.29). 
Bartlett's tests of raw data (Appendix I) showed that variances were not 
homoscedastic (P<0.05). Therefore, values were log-transformed (appendix I) to 
make variance independent of the mean and reduce heteroscedasticity [Sokal & 
Rohlf, 1995]. This data was used in one-way analysis of variance (ANOVA) to 
estimate variances between and within treatments (Table-3.3). 
Table-3.3. ANOVA of log-transformed GUS activity 
source of variation sum of square~ df mean square: F 
Between treatmenti 13.9234 3 4.6411 74.99 
Within treatments 1.7329 28 0.0619 
Total 15.6563 31 
Differences between treatments are highly significant (p = 0.01). 
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1 2 3 4 
Figure-3.29. GU~ activity of treatments. 1. pGUS <:ve c1ontrol), 2. PSS, 3. PSA+pGUS 4. Non-bombarded 
control. GUS units expressed as pmoles MU min- mg- protein. Standard error of means shown as red 
blocks. 
The Turkey test was applied to group means which differed significantly from 
one another (Table-3.4). 
Table-3.4. Turkey comparison of treatment means 
Treatment Meana Homogeneous group 
pGUS 3.0207 I 
p5S 2.0157 I 
p5AlpGUS 1.9721 I 
Control 1.1605 I 
a = means of log-transformed data. Treatment means that do not significantly differ are shown within the 
same homogenous group 
3.5.2.2 gus transcript analysis 
Total RNA from the different treatments was analysed to assess possible 
relationship in GUS expression at the translational (Figure-3.29) and 
transcriptional levels. The volume of transformed tissue was not sufficient to 
provide enough RNA for Northern hybridization and therefore, RT-PCR was 
used since the detection threshold of RT-PCR is at least 1000-fold lower than 
that of Northern hybridization which requires around 105-106 RNA molecules 
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[Hamoui et al, 1994] Sense t · · gus ranscnpts were analysed using primers 
5'gcagatgaacatggcatggtg3' and 5'tttgtcacgcgctatcagctc3', which amplify a 3' 
fragment of gus. 
0.5 µg Total DNAsed RNA was amplified by single-step RT-PCR (chapter II, 
section 10.7.1); half reaction volumes (12.5µ1) were used as material was limiting 
(Figure-3.30). 
• 100 bp 
1 2 3 4 5 
Figure-3.30. RT-PCR of transformed tissue. Lane 1. p5S, 2. pGUS, 3. Control pGUS without RT, 4. 100 bp 
ladder, 5. p5A+pGUS. 0.5 µg total RNA was amplified by single-step RT-PCR using 25 cydes of PCR and 
electrophoresed in 1.5% T AE gel. 
Absolute comparisons cannot be made since PCR wa$ not quantitative; a semi-
quantitative analyses would have been possible had the reactions been co-
amplified with primers to internal controls such as actin. However, based on 
intensity of fluorescence of PCR bands it appears that gus expression was weak 
in cotransformed treatment and stronger in pGUS and p5S treatments. The level 
of gus transcripts in pGUS and p5S treatments was more or less similar in most 
replicates (Appendix I). 
Quantitative or semi-quantitative comparisons are valid only when amplification 
products are compared during the exponential phase of amplification. Therefore, 
RT-PCR was repeated with a subset of the replicates to see whether the 
previous RT-PCR was done in the exponential phase of amplification; since 
material was limiting, only one sample each of pGUS and p5S treatments which 
gave strongest bands in RT-PCR were chosen and PCR repeated with serial 
two-fold dilutions of their RT product. One µg total RNA from each sample was 
reverse transcribed in 25 µI reaction volume. Aliquots of 12.5, 6 and 3µ1 were 
made to 12.5 µI final volume in RT-PCR master mix and PCR performed as 
before. Figure-3.31 shows results obtained with pGUS treatment. 
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+-- 200 bp 
1 2 3 4 
Figure-3.31 PCR of serial dilutions of pGUS RT roduct · · · 
control. Smudges on the gel are due t d. 1 P · 1. Undiluted, 2. 2x diluted, 3. 4x diluted, 4. -ve o un 1sso ved EtBr. See text above for details. 
There was a diminishing of products with dilution in both cases indicating that 
RT-PCR comparisons were made in the exponetial phase of PCR. Figure-3.31 
refers to the trend observed with only the pGUS treatment, which gave a higher 
GUS transcript amplification than other treatments in earlier RT-PCR (Figure-
3.30). Therefore, it can be assumed that all comparisons of the initial RT-PCR 
were done during the exponential phase of amplification. 
3.6. Stable expression studies 
The 5Spr20 promoter was then tested for its effectiveness in providing sustained 
gene downregulation in stably transformed plants. This was done by integrating 
a gus silencing cassette under the control of 5Spr20 promoter into the genome 
of a plant expressing GUS and monitoring GUS activity in stable (re-) 
transformants. 
In view of time constraints on this study, stable expression studies were 
conducted in the model plant Nicotiana benthamiana instead of the preferred 
host pine since regeneration of transformants from pine (embryogenic) cells or 
tissues (such as cotyledons) is slow. For the same reason, an shRNA silencing 
cassette was used instead of the conventional ihpRNA cassette (chapter I, 6.2) 
and in preference to an antisense cassette as the latter gives inconsistent and 
low levels of silencing [Smith et al, 2001]. Agrobacterium-mediated 
transformation was used in preference to the biolistic method as the latter has a 
higher propensity to introduce multiple and fragmented transgene copies in 
transformants. 
3.6.1. shDNA vector construction 
The silencing shRNA cassette was amplified from 5Spr20 promoter contained in 
plasmid pPro20 by overlap PCR using two sequential amplifications [Gou & Liu, 
2003] and cloned into the Sacl/Xhol site of binary vector pGreen-0029-62 SK 
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which contains a kanamycin selection marker (section 2.5). Primary PCR was 
performed at an annealing temperature of 58°C using 5Spr20 forward primer and 
reverse primer P1 consisting of the reverse sequences of the loop and gus 
regions and a 17 bp overlap with the 3' end of 5Spr20 promoter. An amplicon 
comprising the 5Spr20 promoter, 21 bp gus sense sequence and 9 bp loop 
sequence was generated and verified by sequencing (Figure-3.32). 
5spr20 promoter starts here 
::c 'G !f-f 
?Sl 
~. C..,! 
Figure-3.32. Sequence of the primary PCR product cloned in pGEM-T. 
Plasmid was sequenced with the M13F primer. The 5Spr20 promoter is 
followed by the 21 bp sense gus strand at position 229 (underlined) and the 9 
bp loop. 
The primary PCR product was used as the template in a second round of PCR 
using the same forward primer and a second reverse primer P2 containing the 
reverse sequence of the terminator, 21 bp gus sense sequence and a 14 bp 
overlap with the 3' end of the primary PCR amplicon. This resulted in the final 
shRNA construct consisting of the 5Spr20 promoter, followed by sense gus 
strand, the 9 bp loop sequence, antisense gus strand and the poly-T terminator 
(Figure-3.33). 
coear,·. ,-:ccr; e !lr :ce ,c: 
10$ IU U 
Figure-3.33. Sequence of the secondary PCR 
product cloned in pGEM-T and sequenced 
with 5Spr20 forward primer. The sense gus -
loop-antisense gus -terminator segment from 
position 131-186 is underlined 
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The shRNA construct flanked by Sacl and Xhol ends was cloned in binary vector 
pGreen-0029-62 SK and transformed into Agrobacterium. Positive transformants 
growing on kanamycin selection medium were verified by PCR using forward 
and reverse primers of 5Spr20 promoter. The plasmid of a selected 
Agrobacterium clone, pSh was backtransformed into E. coli and plasmids of 
transformants were sequenced to confirm the sequence of shRNA construct in 
Agrobacterium pSh. This isolate was used in plant transformation. 
3.6.2. GUS expressing stable transformants of N.benthamiana 
GUS, which served well as a marker in transient expression studies was also 
used in stable expression studies; it ideally requires producing stable gus 
transformants, which are then stably re-transformed with a 5Spr20 promoter 
driven gus silencing cassette (cotransformation is another option). 
Leaf discs of N.benthamiana were transformed with Agrobacterium harbouring 
the binary vector pGUS (section 2.4) which carries a 2x35S promoter driven-gus 
cassette and the kanamycin selection marker. Callus growing from inoculated 
leaf disks (Figure-3.34) produced three independent TO plants (primary 
generation transformants) while all uninoculated control leaf disks died when 
grown on kanamycin selection medium (chapter 11,13.3). 
Figure-3.34. Callus development. Leaf disks were inoculated with pGUS and grown on MS-agar 
containing kanamycin selection marker. 
T f t e b·10assayed for GUS expression at the three-leaf stage; leaf rans orman s wer 
t 1 0 5 m Were incubated in GUS assay buffer for 24 hours and segmen s x . c 
· d f h mogen,·c reaction (chapter II, 14.2). Two GUS-expressing TO examine or c ro 
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plants were grown to maturity (in the glasshouse) and leaf samples were taken 
at monthly intervals for histochemical GUS assay. DNA was extracted from 
mature leaves and used in PCR with gus-specific primers 5' 
gttacgtcctgtagaaacccca3' and 5'ctccctgctgcggtttttcac3'. PCR and GUS assays 
both confirmed that the plant carried the gus gene(s) and expressed GUS (data 
not shown). GUS was expressed in all the leaves throughout the growth period. 
Seeds of self-pollinated plants were grown on kanamycin selection medium and 
T1 plants which survived the selection pressure were again assayed for GUS 
expression at monthly intervals. Leaves obtained from a single GUS expressing 
T1 plant (which could be homozygous or heterozygous for the transgene) were 
used for retransformation with the shRNA construct. 
3.6.3. Transformation of T1 GUS plants with 5Spr20-shRNA construct 
GUS expression was reconfirmed in leaves of T1 GUS-expressing 
N.benthamiana just prior to taking leaf discs for transformation with 
Agrobacterium pSh (section 3.6.1 ). 50 leaf discs were _inoculated with pSH while 
five discs acted as the un-inoculated control. From callus cultured on kanamycin 
medium (chapter II, 13.3) 10 independent transformants were obtained from the 
pSH inoculated treatment, all of which grew from a single leaf disk (Figure-3.35). 
Figure-3.35. shDNA transformants. Tr~nsfonnants arising from a GUS positive leaf disk transformed with 
pSH and grown on kanamycin-MS medium. 
The uninoculated control (whose leaf disks are also kanamycin resistant by 
virtue of pGUS) produced two plants which arose from two leaf disks. Plants of 
the pSH treatment emerged 3-4 weeks later than the uninoculated treatment; 
apart from this, there were no apparent phenotypic differences between plants of 
h t t The Plants were separated and grown in individual potties. t e two trea men s. 
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3.6.3.1. GUS assay 
All 10 5Spr20-shRNA transformants tested negative for GUS when bioassayed 
at the three-leaf stage. The two plants of the 'untransformed' control treatment 
tested positive for GUS expression; any difference in the level of GUS 
expression between the two plants was not obvious when stained bioassay 
samples were examined visually. 
Callus which grew healthily in the 5Spr20-shRNA transformed treatment but 
which failed to produce shoots were subsequently assayed for GUS and found to 
be GUS positive. It is not clear why these active tissues did not produce new 
plants even if they were not transformed with 5Spr20-shRNA. One explanation is 
that these foci were indeed transformed with 5Spr20-shRNA, but failed to grow 
because of deleterious off-target effects [Snove et al, 2004]. 
The plants were bioassayed every three weeks; as the leaves were very small, a 
composite sample of leaf segments from all expanded leaves was taken and 
tested by the GUS histochemical assay. All plants transformed with the shRNA 






Figure-3.36. GUS histochemical assay. At top left is a leaf sa~ple from an_ untransformed control plant 
which tested GUS positive (stains blue). Leaf samples. from nine s~RN".- mo;ulated plants were GUS 
negative. Leaf segments were stained in GUS assay solution and destamed in 70 Vo EtOH. 
Stem and petiole sections and whole leaves of all surviving plants, which were 
still small were assayed for GUS expression at the end of the study. GUS 
· t observed in plants transformed with the shRNA construct. expression was no 
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This suggests that 5Spr20-shRNA is capable of sustained gene silencing of the 
target gene. 
3.6.3.2. Molecular assay 
pSH transformed plants were still small at the conclusion of this study and 
therefore molecular analysis could not be done on tissues of individual plants. A 
composite sample was therefore taken of leaves from eight surviving plants and 
DNA and RNA (section 2.6) were extracted. These were assayed by PCR for 
the presence of the genomic and transcript sequences of the target (gus) and 
the silencing construct (5Spr20-shRNA). 
3.6.3.2.1. PCR 
PCR amplification of genomic DNA extracted from plants of pSH transformed 
(pSH/pGUS) and control treatments (pGUS) with gus-specific primers (section 
3.6.2) gave the expected - 120 bp amplicon (Figure-3.37), indicating that gus 
was present in plants of both treatments. 
100 bp 
2 3 4 
Figure-3.37. PCR of genomic DNA with gus primers. Lane 1. pSH/pGUS double transfonnant 2. 
uninoculated pGUS wild-type 3. Water control 4. 100bp ladd~r. P~R was perfo~E:d for 35 cyc:les and 
reactions were electrophoresed in 1.5% TAE agarose gels and v1suahzed by EtBr staining. 
Amplification of the two DNAs with primers 5'gagctcctcggcagtctcccttaaga 3' 
and 5• aaaaaccgatgcagatattcgtaa 3' complementary to the 5' and 3' ends of 
the shRNA cassette gave an expected band of - 200 bp with the shDNA 
transformed DNA (Figure-3.38). This confirms the presence of 5Spr20-shDNA 
in the genome of transformed plants. 
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200 bp ----+ 
1 2 3 4 
Figure-3.38. PCR of genomic DNA with shRNA primers. Lane 1. 100 bp ladder 2. Water control 3. gus-
transformed co~trol treatment, 4. 5Spr20-shDNA transformed treatment. PCR was performed for 35 
cycles and reactions were electrophoresed in 1.5% TAE agarose gels and visualized with EtBr staining. 
3.6.3.2.2. RT-PCR 
RT-PCR failed to produce visible amplification when one µg total RNA of 
shRNA transformed plants was amplified with primers 5' 
gttacgtcctgtagaaacccca3' and 5'ctccctgctgcggtttttcac3' which target the 5' and 
3' ends of gus (Figure-3.39). 
1.8 kb ---+ 
1 2 :l 4 
Figure-3.39. RT-PCR. Lane 1. gus-transformed control. 2. 5Spr20-shRNA transformed treatment, 3. 
Nontransformed control without RT, 4. 100 bp ladder. One µg total RNA was amplified by RT-PCR and 
reactions were electrophoresed in 1 % T AE gel. RT was performed at 50°C and PCR was done at an 
annealing temperature of 55°C over 35 cycles. 
But when RT-PCR was repeated with 10 µg total RNA from 5Spr20-shRNA 
transformed plants a weak, but still visible amplicon of the expected size (-1.8 
was observed (Figure-3.40). 
1.8 kb ---+ 
2 3 
Figure-3.40. RT-PCR of total RNA with gus primers. Lane 1. 0.3 µg total RNA from control gus 
transformants, 2. 10 µg total RNA from shRNA transformed gus plan~s. 3. 100 bp ladder. RT was 
performed at 50°c and PCR was done at an annealing temperature of 55 C over 35 cydes. 
This demonstrates that full-length transcripts were produced in both plants. 
But there is a massive reduction in the level of intact gus transcripts in the 
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silenced plants; this downregulation is probably due to siRNA-directed mRNA 
cleavage and degradation. However, siRNA-directed chromatin remodelling 
also can be the cause of gene silencing [Verdel et al, 2004]. 
3.6.3.2.3. siRNA analysis 
The absolute proof for siRNA-mediated mRNA degradation is the 
accumulation of target-specific siRNA in silenced plants is [Zhou et al, 2004). 
Therefore, snRNA analysis was done as per method of Llave et al [section 
2.6]. Five µg small RNA was fractionated in 15% denaturing PAGE gels and 
electroblotted to a nylon membrane at 120V for one hour in TBE buffer. An 
adaptor consisting of the sense gus-loop-antisense gus sequence was 
random labelled with 32P and used to probe the blot at 45°C. The blot was 
washed at 37°C in 1xSSC and autoradiographed. No signals were observed. 
Further optimising of hybridisation conditions was not possible within the study 
period. The small quantity of snRNA used may be one reason for the failure to 
detect gus-siRNA; nominally 20-40 µg snRNA are used in siRNA assays. 
Secondly, the hybridisation/washing temperatures may not have been optimal. 
A third reason could be that the 70bp adaptor used as template for random 
labelling consists of two inverted repeats of the gus siRNA sequence. It is 
possible that the probe folded on itself during hybridisation thereby reducing 
probe concentration. 
4. DISCUSSION 
4.1. 5S rDNA organization and implications for PCR amplification of 5Spr20 
Cloning of most genes is fairly complex even when a partial sequence of the 
gene exists. Walking into the unknown region of a gene generally involves library 
construction or several innovative, but labour-intensive methods such as 
amplifying a circularised [Silver & Kerrikatte, 1989), or adaptor ligated gene 
segment [Seibert et al, 1995), etc. In contrast to this situation, the cloning of 
5Spr20 was achieved by a simple PCR amplification strategy (section 3.2.2). 
In most eukaryotic genomes with the exception of Neurospora crassa, 5S rDNA 
genes occur in several arrays as tandem, head-to-tail repeats; the genes in an 
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array are considered to be ho mogeneous [Moran et al, 1992]. This knowledge of 
the long-range structure of 5S rDNA genes was exploited to amplify 5S rDNA 
from genomic DNA by PCR Th f d · · · e orwar and reverse primers obtained from the 
partial sequence (section 3.2.4) were designed to face away from each other 
(Figure-3.41 ). 
- Reverse primer Forward primer-+ 
-141 tt tt -123 -122 caccaa c ccgctgg g ggcaccaccaagtcgtgg-105 
Figure-3.41. Figure shows reverse and forward primers directed away from each other to read into the 
unwalked gene regions. 
These primers will not amplify the gene directly from genomic DNA if it is a 
single-copy or dispersed gene. But because 5S rDNA occurs as contiguous 
repeats, the primers will anneal to complementary sites at identical positions in 
each repeat during PCR (Figure-3.42). 
----+F 
5• _____ ,... __________ ,... _______ ,..3• 
R+-
Figure 3.42. Shows three contiguous gene repeats. The small arrows are the forward (F) and reverse (R) 
primers, respectively, which anneal at identical locations in the three repeats during PCR. Red lines indicate 
the coding region. 
The forward primer reads through the unknown 3' end of the transcribed region 
of one repeat unit into the nontranscribed region of the adjacent repeat, while the 
reverse primer reads through the 5' region of the nontranscribed region into the 
coding region of the preceding repeat unit. Thus, the entire sequence of a 5S 
rDNA unit can be amplified. 
The walking primers were selected from the spacer region and not from the 
transcribed region because the latter is highly conserved among 5S rRNA genes 
[Appels et al, 1980; Ellis et al, 1980; Gerlach & Dyer, 1980; Schneeberger et al, 
1989; Gorman et al, 1992]. If the primers were designed from the transcribed 
region, it would result in the coamplification of almost all 5S rRNA pine paralogs. 
The forward and reverse primers were therefore obtained from the region 
between positions -141 and -105 of the 5Spr20 spacer region which shows only 
2-35% sequence identity to published pine 5S rDNA paralogs. Despite selecting 
primers from an apparently unique, gene-specific region, a mixture of 
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transformants displaying sequ · . ence m1cro-heterogene1ty was obtained. This 
suggests that even within a pin ss ON · e r A cluster there may be genes which 
differ by minor point mutations; Cloix et al [2003] found a 1 % divergence among 
SS rDNA genes of the transcribed array on chromosome 5 locus of A. thaliana. 
Another explanation is that the primers could have annealed to partially 
homologous regions in yet undiscovered SS rDNA arrays at other loci. 
4.2. Gene characterization and putative promoter elements 
The analysis of 5Spr20 gene structure revealed several regions of significance to 
promoter construction. 
4.2.1 Conserved internal promoters 
The overall homology between coding sequences of 5Spr20 and orthologs in 
several higher plants is 92-99%. Similar observations were made by Liu et al 
[2003] in a study of five Asian Pinus species. Their comparison of 120 
independent Pinus 5S rDNA coding sequences showed that the genes had 97% 
sequence identity among Pinus species, while similarity between Pinus and 
other gymnosperm species was 94% and between gymnosperms and 
angiosperms -88%. Because of the high degree of conservation in SS rDNA 
coding sequences of many eukaryotes, there is also great consistency in the 
nature and requirements for the internal promoters in species as disparate as 
Arabidopsis [Cloix et al, 2003] and Xenopus [Majewski et al, 1987]. This could 
well be the case in pine and gymnosperms too where little is known of the 
functional elements required for transcription. 
A comparison of the putative tripartite internal control region [Hori et al, 1984] of 
5Spr20 and other SS rDNA genes (Figure-3.8) shows that the gene-specific A-
( +SO to +64), C- (+80 to +90) and I- (+67 to +72) promoter boxes [Pieler et al, 
1985, 1987] are highly conserved in 5Spr20 [Erdman et al, 1985]. The sequence 
of the internal promoters and the distance between them were major 
considerations in selecting 5Spr20 from among several transformants (section 
3.2.2) for further study. Deletion and mutation studies in several eukaryotes have 
demonstrated that basal transcription of SS genes is a function of conserved split 
promoters and the distance between them. Transition mutations of A-box bases 
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51G, 52T, 53T, S4A, 56G, 58G and 61C in Arabidopsis reduce transcription 
efficiency by 40-65% and C-box bases 82T and 84T by 40-90% [Cloix et al, 
2003]. Similarly, mutation analysis in Xenopus show that the guanosine residue 
at position +64 in the A-box and C and G residues at positions +67 and + 70 of 
the I-box affect TFIIIA binding in a major way; TFIIIA is the gene-specific 
transcription factor that initiates assembly of the transcription preinitiation 
complex [Theunissen et al, 1998]. Thus 5Spr20 rDNA contains the appropriate 
internal promoters required for basal transcription. 
4.2.2. Spacer region 
The 5' flanking spacer region plays a major role in activated transcription; for 
example, an Arabidopsis 5S gene construct consisting of the coding and 
downstream regions only showed low transcriptional activity [Cloix et al, 2003]. 
The spacer regions of pine paralogs show several conserved sequences 
resembling putative control elements in orthologs and repeat elements (section 
3.3.3.3) analogous to those in other systems. The sequence differences 
observed among the paralogs (section 3.8.3.4) may also be implicated in gene 
expression. 
4.2.2.1. Conserved motifs/regions 
All pine paralogs including 5Spr20 possess a cytosine base preceding the 
transcription start site. The universality of cytosine one base before the start site 
(Figure-3.9) has led to the suggestion that it may play a role in transcription 
initiation, similar to that of the -1 nucleotide in yeast. Challice & Segal [1989] 
using deletion mutation demonstrated that mutation of the base preceding the 
transcription start site in yeast SS rRNA genes reduced transcription by 15% 
compared to the wild type gene. In Arabidopsis, C at -1 is important for both 
efficient transcription and correct transcription initiation; a transition mutation, 
while maintaining the pyrimidine-purine dinucleotide (at-1 and +1) required for 
transcription [Fruscoloni et al, 1995], results in 30% decreased transcription and 
shorter transcripts initiating from position +30 [Cloix et al, 2003]. 
A guanine/cytosine-rich region at about -13, which is less conserved but clearly 
different from the composition of adjacent sequences is observed in most plants 
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[Venkateswarlu et al, 1991]. A GC dinucleotide occurs at positions -12 to -11 in 
Arabidopsis, which when mutated t AA d · · o re uces transcnpt1on efficiency by 50% 
[Cloix et al 2003]. An analog · · · · · ' ous region consisting entirely of G residues and 
centred around -15 occurs in 5Spr20 and other pine paralogs (Figure-3.9). 
A characteristic upstream motif associated with the majority of genes transcribed 
by Pol 11 is the TAT A box of varying consensus sequence [Arkhipova, 1995; 
Struhl, 1995; Washburn et al, 1997], which is the cognate binding site for the 
TATA-binding protein, TBP. Similar TATA motifs are also found in several Pol Ill 
transcribed genes where they influence transcription. An upstream TATA box of 
consensus sequence (T/C)ATA(G/A) is found in all one hundred 5S rRNA genes 
of Neurospora crassa; the motif which is located at -29 to -24 is necessary for 
initiation of transcription from the correct start site, and its deletion results in 
reduced transcription [Tyler, 1987]. Similarly, 5S rDNA of the silkworm Bombyx 
mori contains a homologous TATA motif 28 to 24 nucleotides upstream of the 
transcription start site [Morton & Sprague, 1984]. The TATA motif of Drosophila 
5S rDNA is positioned at -26 to -39 [Sharp & Garcia, 1988]. 
Among plant 5S rDNA, a TATATA motif occurs at -28 to -23 in A.thaliana; its 
deletion reduces transcription to 10% and mutation to a GAGAGA motif 
abolishes transcription altogether [Cloix et al, 2003]. The brassica species 
Mathia/a incana possesses the sequence ATATAT at -29 to -24. A similiar 
conserved region is found at an identical location in Vigna radiata. TATA-like 
sequences are also observed at similiar locations in at least four other legumes -
yellow lupin [Rafalski et al, 1982], pea [Ellis et al, 1988], mung bean [Hemleben 
& Werts, 1988] and soybean [Gottlob McHugh et al, 1990]. Neither a TATA box, 
nor TATA-like sequences are present in the upstream or downstream spacer 
regions of 5Spr20 or its paralogs. Neither, do they possess an adenine/thymine-
rich element characteristic of most plant 5S rDNA such as the conserved AT AAG 
sequence centered around -27 in members of Triticeae [Scoles et al, 1988], or 
AAATAAA in flax [Goldsborough et al, 1982], or TTTAATA in Lycopersicum 
esculentum [Venkateswaralu et al, 1991]. However, a TTGAA sequence occurs 
at about the expected position (-30 to -26) in 5Spr20; it differs from the 
immediately flanking sequences in its A/T composition and is fully conserved in 
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all pine paralogs and in the gymnosperm Douglas Fir (Figure-3.9). Possibly, it is 
the pine, or the gymnosperm equivalent of the angiosperm Alf rich element. 
Such regions of low duplex stability have implications for DNA unwinding during 
transcription [Lewin, 1994] and are probably related in function to the -10 
hexamer box that is recognized in bacterial promoters [Venkateswaralu et al, 
1991]. 
The region immediately upstream of the coding sequence (-1 to -47) is almost 
identical in all isolates (Figure-3.15). This is probably no coincidence since it 
corresponds to the region bound by TFIIIB. During the formation of a binary 
preinitiation complex which precedes transcription initiation, initiation factor 
TFIIIB binds to the 5' region immediately upstream of the start point and protects 
a region of 45-50 bp on both strands of the DNA [Kassevetis et al, 1989]. This 
highly conserved (-95%) region which provides a uniform template for TFIIIB 
binding may be an important cis-element. A parallel exists in A.thaliana where 
substitution of all but the proximal 31 bp of the 5' flanking spacer does not affect 
transcriptional activity; but sequence alterations inside this region decrease 
transcription [Cloix, 2003]. 
Several upstream regulatory elements such as the pentamer motif AAAGT, and 
the GC motif CGGGGCGGGGC have been identified in Pol Ill genes [Sorenson 
& Frederiksen, 1991]. Although known cis-regulatory motifs are not observed in 
the highly conserved upstream regions of pine SS rDNA spacers (corresponding 
to positions -1 to -4 7, -170 to -233 and -250 to -271 of 5Spr20 in Figure-3.15), 
their conserved status suggests that they have implications for possible binding 
sites to putative activators or repressors. The occurrence of similar highly 
conserved sequences within the spacer regions of Douglas fir and white spruce, 
taken together with the absence of upstream sequences conserved in 
angiosperms has led to speculations that the regulatory mechanism for 5S rDNA 
transcription in gymnosperms may be different [Amerasinghe & Carlson, 1998]. 
4.2.2.2. Repeat elements 
Repeat sequence elements in the intergenic spacers of eukaryotic rDNA have 
been implicated in the enhancement of Pol I activity [Pikaard, 1993; Robinett et 
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al, 1997; Burton et al, 2005]. Similarly in the early promoter of Pol Ill transcribed 
gene SV40, the six GC-rich repeats present in the 21bp repeat region are 
essential elements of the early-early and late-early promoters [Baty et al, 1984]. 
Thus the presence of the repeat element GGCTCGGCGG in the spacer region 
of 5Spr20 (section 3.3.3.3) raises a similar possibility for 5Spr20 transcription 
efficiency. Alternatively, the presence of this 10 bp element may be due to 
tandem duplications coupled with unequal crossing over. 
The significance of the duplication of the sequence TTGCGGTGCGATC 
surrounding the start site (Figure-3.11) is not clear, but there are strong parallels 
between this and spacer promoters of the major ribosomal RNA genes of several 
species. In Drosophila, five to 12 copies of a 70 bp element are observed in the 
intergenic spacer (IGS); the repeats contain a perfect copy of the -24 to +10 
domain of the core promoter. Spacer initiated transcripts arising from these 
repeats are thought to stimulate transcription at the core promoter [Jacob, 1995]. 
In Xenopus, the region -147 to + 4 is repeated within the IGS as spacer 
promoters. These repeats, along with repeat enhancer elements present in the 
IGS are believed to regulate transcription at the core promoter [Busby & Reeder, 
1983]. 
4.2.2.3. Sequence differences among paralogs 
Sequence heterogeneity between 5Spr20 and the smaller 5S rDNA paralogs 
( 5Spr5, 6, 7 & 9) are attributable to three factors. A -360 bp insert at position -
675 to -315 in 5Spr20 is the major reason for the size difference. Secondly, the 
region containing the dinucleotide simple sequence repeat CTcg -16) in the small 
5S rDNA repeats [Smith & Devey, 1995], often suggested as the reason for 
polymerase slippage and the ensuing sequence heterogeneity, is absent in 
5Spr20. Point mutations account for the remaining sequence differences. Such 
major differences in spacer sequences of the short and long paralogs is reflected 
in the size classes being placed in different phylogenetic clades (Figure-3.14). 
Sequence differences between 5Spr20 and 5Spr10 which are of nearly equal 
length arise mainly from point mutations caused by insertions, deletions and 
transversion and transition events. 
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4.2.2.4. Gene copy analysis 
4.2.2.4.1. Complex Souther hybridization patterns 
Both BamHI and EcoRI have a unique cleavage site within the 5Spr20 gene, 
BamHI in the coding sequence and EcoRI in the spacer region. Therefore, each 
tandem gene copy can be expected to be cut at these sites to produce a single 
strong band in Southern blots from which the copy status of 5Spr20 can be 
estimated by gene titration. Instead, the two digests produced a ladder of 
multimers, where the monomer band was the least distinct in BamHI and most 
dominant band in EcoRI lane (Figure-3.16). 
Complex hybridization patterns unexpected of a simple repeating structure such 
as 5S rDNA have been reported by several authors [Mascia et al, 1981; 
Goldsborough et al, 1982; Scoles et al, 1988; Lapitan et al, 1991]. These 
observations are explained on the basis of variable methylation, incomplete 
digestion and sequence heterogeneity arising from point mutations within the 
restriction sites. Using isoschizomers Mbol and Sau3AI which share both 
recognition and cleavage specificity in the sequence GATC embedded in the 
restriction site of BamHI but differ in their sensitivity to methylation at C, Gottlob-
McHugh et al [1990] demonstrated extensive methylation of BamHI sites 
(GGATCC) in soybean 5S rRNA genes; cm4c (5-methylcytosine-dcm) or chm5c 
(5-hydroxymethylcytosine) methylation makes these sites insensitive to BamHI; 
double digestion with Sau3AI and Mspl showed that differential methylation of 
overlapping Mspl and BamHI recognition and not sequence heterogeneity was 
the cause of ladder-like hybridization patterns. 
Methylation may have also affected the hybridization pattern of pine DNA 
digested with EcoRI, which is sensitive to msc methylation. Plant DNA is highly 
methylated (>80%) at cytosine residues [Gruenbaum et al, 1981] and the level of 
methylation of 5S rDNA is higher than the average for the entire genome in 
angiosperms [Fulnecek et al, 2002]; methylation of 5S rDNA motifs mCpCp and 
mCpGp are estimated to be -53-90%. The cytosine base in EcoRI site at position 
-266 of 5Spr20 (Figure-3.6) is flanked by a guanidine base (gaattcg); it is 
possible that some of the sites were methylated. 
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Densitometer tracings of the EcoRI and BamHI lanes (Figure-3.16) showed that 
only 74% and :::; 5%, respectively, of 5Spr20 DNA is found in the monomer form. 
This suggests that possibly BamHI sites are extensively methylated and a 
significant number of EcoRI sites are either methylated or ablated by point 
mutations. The minor, but prominent band just above the monomer band in the 
EcoRI lane whose size is not a perfect multiple of the basic repeat size, may 
have arisen as a result of ablation of an existing EcoRI site combined with the 
creation of a new site by point mutation in some repeats; or because some 
repeats occur in tandem with junction sequences, or heterogeneous repeats 
[Moran et al, 1992). The latter, however, is of rare occurrence [Flavell, 1986] 
since the force of concerted evolution acts to homogenize tandem repeats at a 
locus quickly. Secondly, if 5Spr20 arrays contained heterogeneous repeat 
classes differing in their length, it would have become apparent during PCR 
isolation of 5Spr20 (section 3.2.2) by the appearance of more than one 
amplicon. It also appears that methylation is widespread in most, if not all, pine 
5S rDNA paralogs. This is seen when BamHI digested_ DNA is probed with the 
coding sequence which is highly conserved in most paralogs; it produced a 
ladder of bands much more intense than bands obtained with a probe specific to 
5Spr20 (Figure-3.17). The increased band intensity is likely due to detection of 
bands accumulating from 5S rDNA paralogs by the 5S rDNA-common probe. 
4.2.2.4.2. 5Spr20 gene copy number 
The minimum 5S rDNA content of higher plants have been variously reported to 
be between 0.05 and 0.06% of the genome [Lapitan et al, 1991; Moran et 
al, 1992], with a higher estimate of 0. 7% for A. tha/iana [Pruit and Meyerowitz, 
1986). Using a conservative estimate of 0.05%, the nuclear genome of pine 
(2C=22.2 pg) is expected to contain -12 fg (12 x 10 -15 g) of 5S rDNA. If the 
average size of a pine 5S rDNA repeat unit (the average of long and short units) 
is assumed to be 680 bp (section 3.3.1 ), then a single copy of diploid pine 
genome may contain a minimum of, 
(12 x 10 -15 9) (6 x 1023)/680 bp x 660 da or -17,000 copies of 5S rDNA. 
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Based on this calculation, 9-106 copies of the 5Spr20-specific Taql fragment 
were used as standards in gene reconstruction assays (section 2.3), which gave 
a value of 22 copies of 5Spr20 per haploid genome of pine (section 3.4.2). Using 
a similiar technique, Moran et al [1992] estimated that there are at least 300 
copies of the long- and 7700 copies of the short-SS rDNA genes per haploid 
genome of P.radiata. 
Thus, 5Spr20 does not appear to be highly duplicated in the pine genome. It 
constitutes only a mere 0.1 % of the total pine SS rDNA genes. But does it really 
matter if this candidate gene selected for transformation studies is under-
represented in the pine 5S rDNA gene pool? Not necessarily as findings of Cloix 
et al [2001) and Mathieu et al [2003) seem to suggest; regardless of 5Spr20's 
contribution to the native 5S rRNA pool, its activity in transgenic pine will be 
determined mainly by the possession of the essential features of an active gene 
and its insertion into a favourable chromatin context. Cloix et al [2001] used a 
combination of YAC sequencing, RNA/DNA alignments, in vitro transcription and 
polysome RNA analyses to define the transcribed and non-transcribed 5S rDNA 
loci in A.thaliana. 5S gene arrays are found at 6 loci in chromosomes 3, 4 and 5 
of which only genes on chromosome 4 and at the major locus of chromosome 5 
produce mature transcripts (made up of 86% of a major transcript and 14% of 
minor transcripts), while the others are silent or produce rapidly degraded RNA. 
Alignment studies showed that many non-functional rDNA units do not have an 
RNA equivalent. The in vitro transcription studies showed that rDNA exhibiting 
mutations in important promoter elements failed to produce transcripts. 
Subsequent work by Mathieu et al [2003) suggests that within this mature rRNA 
pool, the minor RNA species are expressed more abundantly when the 
heterochromatin in which their genes lie is presented as loops that emanate from 
chromocenters and become repressed with heterochromatin establishment 
accompanied by DNA methylation and histone modification. 
4.3. Promoter studies 
4.3.1. Need for transformation studies 
The usefulness of 5Spr20 promoter in pine transformation was studied by 
transient expression analysis, despite the fact that it is an endogenous gene. 
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Usually, the expression level of an endogenous gene is easily determined by 
assaying various plant tissues for the gene's transcripts using Northern analysis, 
RT-PCR or in situ hybridization; gene-specific sequences for use as probes or 
PCR primers in such assays can be obtained from the coding, or untranslated 
regions of Class II genes, even in case of highly conserved members of 
multigene families transcribed by Pol II. 
In Class 111 genes such as 5S rDNA or tDNA, the main difference among 
members of a multi-copy family almost always resides in their nontranscribed 
regions. Therefore, very often, it is not possible to tag the transcripts of different 
paralogs by applying the same assay techniques used with Class II genes for 
two reasons. In 5S rRNA genes, the primary transcript and the mature RNA 
coterminate at the 5' end of the coding region; the pre-RNA may extend 4 - 15 
bases beyond the 3' end of the mature RNA into the poly-T transcription stop 
signal [Weinmann & Roeder, 1974; Perry, 1976], but this region which is also 
highly conserved among paralogs is trimed back to the 3' end of the coding 
region. Thus a gene-specific 5' or 3' transcribed region similiar to the UTR of 
Class II genes does not exist in 5S rRNA genes. Secondly, primary transcripts 
may undergo posttranscriptional editing to remove base differences within the 
coding region [Barciszewska et al, 1994; Szymanski et al, 1995]. Thus, the 
transcribed region of 5S rDNA genes does not bear sufficient sequence 
heterogeneity to discriminate transcripts of different paralogs. 
Therefore, the expression profile of 5Spr20 promoter in pine cannot be evaluated 
by assaying its gene product. The alternative is to assay expression of a reporter 
placed under the control of 5Spr20 in transformed pine. 
4.3.2. Promoter selection 
Activated transcription in most Class Ill genes often requires one or more cis-
acting elements, in addition to the minimal promoter responsible for the 
assembly of the preinitiation complex (PIC) [Huang & Maraia, 2001]. The 
minimal promoter for 5S rDNA resides within the coding sequence in Xenopus 
[Pieler et al, 1987]. In addition, a TATA, or TATA-like sequence essential for 
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accurate and activated transcription is located upstream of SS rRNA genes in 
several species such as A.thaliana, Bombyx mori and N. crassa [Cloix et al, 
2003]. Neither these, nor other well characterized cis-acting elements of Class I, 
II and Ill genes are found in the spacer region of 5Spr20. Perhaps, activated 
transcription of 5S rRNA genes of pine and other gymnosperms depends on 
novel nucleotide motifs which are unique to these species. The presence of 
several conserved sequences and repeat elements within the spacer region of 
pine 5S rDNA paralogs and gymnosperm orthologs strongly argues for some, if 
not all, of these sequences to be activator elements. 
One approach to define the promoter requirements for basal and activated 
transcription of 5Spr20 is through deletion analysis, where expression cassettes 
containing serially deleted upstream spacer regions linked to the 5Spr20 coding 
region - the 'minimal promoter' (which is analogous to the 46 bp minimal CaMV 
35S promoter) are studied for their expression pattern. This helps to identify the 
cis-elements required for tissue-specific or global expression. 
Midway through the studies, this research was transferred to a new location 
which lacked tissue culture facilities. Because of this and other constraints, a 
decision was taken to test only one promoter construct in transformation studies. 
Since a precedence does not exist for promoter dissection work in 
gymnosperms, several permutations and combinations are possible for the 
nature of 5Spr20 promoter to be tested in transformation studies. The entire 
native 5' flanking region can be tested; or synthetic oligos representing the three 
highly conserved (95% identity) regions, namely the 64bp (-233 to -170) 22bp (-
271 to -250) and 47bp (-47 to -1) elements in the upstream spacer can be fused 
into a synthetic promoter; or as was done in this study, a promoter comprising 
the entire coding region and 63 bases of the immediately upstream spacer 
region which is highly conserved (-90% identity) among pine paralogs can be 
used. There is good reason to believe that this region immediately flanking the 5' 
end of the coding sequence may be an important cis-element; the proximal 47 
bases show 98% sequence identity to those of its paralogs and may serve as 
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constant binding site for transcription factor TFIIIB, which is known to protect the 
region -45-50 bp upstream of the transcription start site [Kassevetis et al, 1989]. 
4.3.3. Transient expression studies 
4.3.3.1. Promoter cloning 
Directional cloning of 5Spr20 promoter in pST and pAT (both pSK-based 
vectors) proved to be difficult and in spite of investigating several avenues, 
cloning of the promoter remained elusive; no transformants were obtained when 
ligated products were transformed into competent cells (section 3.5.1.2.3). On 
the other hand, (non-directional) cloning of the 5Spr20 PCR fragment in pGEM-T 
vector during initial gene isolation was accomplished with ease (section 3.2.2). 
This led to the speculation that a pause in replication fork movement was the 
likely reason for absence of viable transformants. 
A pause in polymerization (replication) and the consequent termination of DNA 
polymerase activity [Samadashwily et al, 1997] may explain the absence of 
transformants in pSK-based vectors carrying the 5Spr20 promoter. DNA 
replication can terminate near specific sites charcterized by stable, or unusual 
secondary structures such as hairpins [Bedinger et al, 1989; Baran et al, 1991; 
Hacker & Alberts, 1994; Krasilnikov et al, 1997] where replication forks pause in 
plasmid ColE1 [Tomizawa, 1978] (whose origin of replication is included in pSK 
& pKS) and E. coli [Kuempel & Duerr, 1979]. In the model developed for 
polymerase release following termination of each Okazaki fragment, Hacker and 
Alberts [1994] demonstrated that a holoenzyme normally capable of associating 
in vivo with the leading strand for >5', dissociates rapidly (half-life of 1") when it 
is stopped by a hairpin helix. 
During semidiscontinuous replication of bacterial DNA, while Pol Ill holoenzyme 
moves continuously along the template for the leading strand, the template for 
lagging strand is exposed as a single strand behind the primosome. Should 
adjacent mirror regions occur within this region it can be speculated that they 
have a chance to form stem structures depending on whether they can pair 
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before they are sequestered by single strand binding proteins (SSB); 
Samadashwily et al [1997] proposed a similiar paradigm for replication 
termination by triplex formation. 
Analysis of 5Spr20 coding region using DNA Strider® shows that it contains 
mirror regions, 3-5 bases long and capable of forming stem structures with a free 
energy of ~ - 6 kcal mor1 in close proximity to one another in at least two 
locations. It is possible that when the polymerase hits these hairpin helices it 
senses encounter with duplex DNA and dissociates from the template. 
Replication is unidirectional in pSK and proceeds from the Xhol cloning site of 
5Spr20 to the Kpnl site ie. from 3' to 5' end of the cloned 5Spr20 promoter 
(Figure-3.43). 
Bl'iRH 11619 
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Figure-3.43. pSK. Arrow indicates direction of replication from Xhol to Kpnl site in pSK and and reversed 
in pKS in the direction Xhol to Sacl. 
Reversing the direction of replication fork movement may aid unimpeded 
polymerase movement from the 5' to 3' end of 5Spr20 insert (from Kpnl to Xhol); 
Samadashwily et al [1997] found that stalling of polymerase within DNAs 
containing (CGG)n.(CCG)n and (CTG)n.(CAG)n repeats can be relieved by 
altering the repeat orientation relative to the replication origin. Thus, by reversing 
the orientation of the replication origin relative to 5Spr20 there is a chance that 
the sequential order in which mirror repeats occur in the antiparallel lagging 
strand template, or their duplex strength may offer less resistance to the 
progress of the fork. On this assumption, the expression vectors were recloned 
in pKS where the direction of replication is reversed with respect to the sequence 
of restriction sites in the MCS (Figure-3.43). 
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4.3.3.2. Antisense studies 
For initial antisense assays using gus as the target gene, the antisense strand 
can be based on any region of the gus coding sequence This is because there 
are no clear-cut rules on the choice of the optimal gene region for maximum 
antisense effect. The 3' transcript regions were found to be more effective by 
some authors [Van der Krol, 1990a; Bourke & Folk, 1992], the 5' region by 
others [Melton, 1985] and the complete CDS by still others [Halpin et al, 1994; 
Keller et al, 1999]. In addition to sequence identity, factors such as secondary 
structure and access to the target region play a role in determining the outcome 
of antisense experiments [Dykxhoorn et al, 2003]. 
The gus antisense strand was obtained from the 5' region of gus CDS primarily 
because it has convenient restriction sites which facilitate direct cloning into pT 
in an antisense orientation. The gus coding sequence contains an EcoRV site at 
position +556 and is flanked by a BamHI site at the 5' end of pGUS (Figure-3.1 ). 
The orientation of these sites is reversed in the cloning vector pKS. When cloned 
into the BamHI-EcoRV site of pT (derived from pKS) the 5' BamHI - EcoRV gus 
fragment is effectively placed in an antisense orientation with respect to the 
terminator fragment at the downstream Xbal site and also the 5Spr20 promoter 
which will be cloned upstream (section 3.5.1.2.3). 
In transient expression studies, the antisense 5' gus fragment under the control 
of 5Spr20 promoter provided efficient suppression of GUS expression by pGUS. 
Expression was lowered by 90% in tissues cotransformed with p5A and pGUS. 
Interestingly, RT-PCR of cotransformed tissue shows that this was accompanied 
by a reduction in gus transcript levels (Figure-3.30). The negative control used in 
the experiment was nonbombarded tissue. It would have been preferred if the 
negative control too was subjected to bombardment (with irrelevant DNA). This 
would elicit any background fluorescence resulting from the bombardment effect 
and thus give a more accurate picture of the promoter's effectiveness. However, 
as mentioned earlier there were constraints on the number of bombardments 
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that could be conducted and therefore it was opted to have a nonbombarded 
negative control. 
5Spr20 promoter appears to be a promising candidate for use in pine antisense 
work. These preliminary findings however, should be confirmed by comparing 
5Spr20 promoter with other promoters in transient expression studies and its 
expression pattern verified in stably transformed plants. 
4.3.3.3. Sense expression 
RT-PCR experiments (Figure-3.29) show that gus transcript levels in p5S and 
pGUS treatments vary by a factor of at least 4-5. The difference between the 
treatments may reflect the relative transcriptional abilities of 5Spr20 and 
CaMV35S promoters; it is also likely that the lower transcription level of 5Spr20 
was due to premature termination of Pol Ill transcription at polythymidine 
repeats. The gus CDS which was previously scanned for potential Pol Ill stop 
signals, shows runs of four T residues at positions 149, 1658 and 1741. The last 
two positions which are not perfect consensus sig~als are yet possible stop 
sites. Even imperfect stop signals are known to cause Pol Ill transcription 
termination in some instances, albeit inefficiently; Lewis and Manley [1986], 
while studying the translational efficiency of a chimeric adenovirus VA1 promoter 
(Class Ill) fused to the herpesvirus thymidine kinase cmRNA found that several 
truncated transcripts were produced at the sequence CTT with 30% efficiency. 
At the translational level (Table-3.2), the 5Spr20 promoter was <10% as efficient 
as the double CaMV 35S promoter. The anomaly in the transcriptional and 
translational efficiencies of p5S expression vector suggests that 5Spr20 
transcripts are either not competent for polysome-mediated translation or are 
rapidly degraded by nonsense mediated decay. 
4.3.4. Stable expression studies 
Several options were considered for stable PTGS studies before deciding on gus 
as the target gene for downregulation. The easiest option is to insert 5Spr20 
stably in N.benthamiana in a silencing cassette targeting an expressed native 
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gene. For this to be succesful, the nature of the resident gene and its expression 
pathway in N.benthamiana should be fully understood in order to avoid 
pleiotropic effects; secondly a convenient gene-specific assay should be 
available. A second option considered was the use of a virus silencing cassette 
targeting an RNA virus such as tobacco mosaic virus (TMV), where plants stably 
transformed with the 5Spr20-driven silencing cassette are challenged with 
virions of TMV to assess resistance to TMV infection. However, gus was finally 
selected as the silencing target in order to keep the stable expression studies in 
line with transient expression studies. 
There are two choices in the use of gus reporter for stable expression studies. 
One is to cotransform N. benthamiana with a gus expression cassette and a 
5Spr20-driven gus silencing cassette. This would require only a single round of 
transformation which suits the tight time frame in which the stable studies had to 
be completed. The resulting double-transformants can be screened using a 
combination of antibiotic selection, molecular analyses and GUS assay. 
Unfortunately the only binary vector available for shRNA delivery was pGreen-
0029 which has the same kanamycin selection mar~er as the GUS expression 
vector, pGUS. Therefore, selection of cotransformants by differential antibiotic 
selection is not possible. Neither is it possible to screen plants at an early stage 
by PCR because of slow plant growth (section 3.6.3.2). But GUS assay is still 
possible using small leaf segments. Yet, when a putative transformant tests GUS 
negative it is not certain whether it is an authentic cotransformant where 
silencing was successful, or one in which the gus expression cassette had failed 
to integrate. Thus, a large number of plants including non-cotransformants have 
to be grown till such time molecular analysis can be done to confirm 
cotransformation. This would require more growth-cabinet space which was at a 
premium. 
Therefore, stable expression studies were conducted in the classical way [Jones 
et al, 2001; Kadotani et al, 2004] using two rounds of transformation to suit the 
limited growth-cabinet space; in the first round of transformation GUS expressing 
transformants were raised which were transformed in the second round of 
transformation with the silencing cassette. 
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4.3.4.1. Selection of GUS expressing plants from TO and T1 transformants 
Transformed plants used in long-term studies are often selected on the basis of 
transgene copy number, gene orientation, inserted cassette integrity, 
homozygosity and transgene expression. A simplified approach based purely on 
the expression of the target gene, gus was adopted in this study to select GUS-
expressing transgenics. A similar method was used by Kadotani et al (2004] to 
study GFP silencing in DCL (dicer-like) mutants of Magnoportha oryzae; they too 
used two rounds of transformation where transformants carrying the target gene 
egfp (enhanced GFP) were selected solely on the basis of fluorescence at 535 
nm wavelength. 
There are several reasons why this simplified approach was taken in this study. 
Multiple transgene inserts and invert-repeat inserts are thought to trigger repeat 
induced silencing and PTGS [Assaad et al, 1993]; it is for this reason that copy 
number and orientation of transgenes are analysed. Likewise, the functioning of 
the transgene cassette is determined to a large extent by its integrity and this is 
often verified with PCR primers targeting the 'junction' sequences [De Buck et al, 
1999]. But despite such screening, there is no guarantee that selected plants will 
continue to express the transgene. For example, even single-copy transgenes 
without internal repeat structures are capable of activating gene silencing 
[Elmayan & Vaucheret, 1996; Jogernsen et al, 1996; Vaistij et al, 2002]. And as 
long as GUS is expressed by a plant, it matters little whether it originates from an 
intact GUS expression cassette or from an intact GUS ORF fragment integrated 
appropriately behind another promoter in the plant, since the ultimate target for 
silencing is the gus mRNA. 
Therefore, GUS expressivity of a plant was the sole criterion used to select GUS 
plants for silencing, hence the use of GUS histochemical assay. However, if 
long-term studies are intended homozygation and molecular characterization of 
transformants are desirable. 
4.3.4.2. Choice of construct for dsRNA-mediated silencing 
The conventional construct used in plant dsRNA-mediated silencing is the intron-
spliced hairpin RNA (ihpRNA) construct (chapter I, 6.2) [Smith et al, 2001; 
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Wesley et al, 2001; Stoutjesdijk et al, 2002; Byzova et al, 2003; Helliwell & 
Waterhouse, 2003; Padolfini et al, 2003; Lo et al, 2005]. The spliceosomal intron 
inserted as a spacer between complementary RNA strands is believed to 
contribute to the formation and stability of dsRNA resulting in PTGS with almost 
100% efficiency [Smith et al, 2001]. In comparative studies the ihpRNA construct 
gave -90% silencing while cosuppression and antisense constructs gave 0-30% 
silencing and intron-free hpRNA 50-70%, [Wesley et al, 2001]. 
However, construction of ihpRNA involves several cloning steps; a typical 
construct consists of the promoter, a sense strand (-400-800bp) of the target 
gene, the spliceosomal intron, the antisense strand and a fragment containing 
the terminator and polyadenylation signals. The ihpRNA construct can be 
generated in a single step with a PCR product by recombination cloning in the 
generic ihpRNA vector pHANNIBAL [Helliwell & Waterhouse, 2003]; however, it 
caters only for Class II promoters and cannot be used to expedite construction of 
a 5Spr20 vector. 
shRNA constructs on the other hand are easy to construct; they can be cloned 
from amplicons generated by two cycles of overlap PCR [Gou & Liu, 2003], or by 
using synthetic oligonucleotides [Paul, 2005]. Because of the ease of cloning, 
shRNA constructs were used in stable expression studies. However, they have 
never been tested in plants. Secondly, they lack the advantage of hpRNA and 
antisense RNA which because of the longer target gene sequences they carry 
are able to present multiple putative siRNA sequences to the target mRNA. 
4.3.4.3. Selection of the siRNA sequence used in shRNA construct 
siRNA sequences for stable transformation were selected from the same 5' 
region of GUS ORF which gave efficient gene downregulation in transient 
expression studies. 
The algorithm of Tuschl et al [Dykxhoorn et al, 2003] was used to identify 
potential siRNAs from the 5' GUS ORF region. A variety of siRNA formats 
differing in the size of the loop and length of the stem have proven successful 
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[Paul, 2005]. The selected gus sequence 5' GCCGATGCAGATATTCGTAAT 3' 
embodies several features of an ideal siRNA such as 50% GC content, an even 
representation of nucleotides, absence of repetitive sequences or stretches of a 
nucleotide especially G, or known sites for mRNA binding proteins [Dykxhoorn, 
2003]. Stem lengths of 19-29 nt have been shown to silence genes effectively 
and loops of 4-23 nt have been described; the 9 loop UUCAAGAGA which was 
found to be most effective in a comparative study of 5, 7 and 9 nt long loops used 
with a 19nt stem [Brummelkamp et al, 2002] was chosen for stable expression 
studies. 
The selection of an siRNA is still an empirical process. siRNAs that target 
different regions of the same gene vary markedly in their effectiveness [Du et al, 
2004] and it is usual to test three or more siRNA constructs against the intended 
target. Furthermore, the gus siRNA sequence selected for this study does not 
conform to motifs such as AAN 19TT, NAN1 9NN, NARN17YNN and NANN17YNN 
which are consistent with effective silencing. Therefore, it would be best to test a 
series of shRNA constructs covering the 5' GUS ORF region. If all of them failed 
to downregulate gus it is a clear indication that the shRNA system is not suitable 
for plants. However, only a single shRNA construct was tested because of time 
and space considerations. 
4.3.4.4. 5Spr20-shRNA-mediated gene silencing 
shRNA constructs are most likely to be genetically dominant as are hpRNAs 
[Helliwell & Waterhouse, 2003] and therefore phenotypes can be screened in TO 
or T1 plants without the need to produce homozygous lines. The expression of 
GUS was completely suppressed in GUS expressing plants transformed with the 
5Spr20 promoter driven shRNA cassette (section 3.6.3.1). GUS expression as 
measured by GUS histochemical assay, was not detected in leaves, petiole and 
stem of all eight transformed plants. The PTGS effect was absolute during the 
three months period when plants were monitored. 
Even though gus expression was completely suppressed, it is still desirable if the 
construct had been compared with a control cassette driven by a standard 
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promoter such as CaMV 35S promoter. A control construct was not envisaged in 
the initial plan for two reasons. The effect of shRNA in plants was itself in doubt; 
secondly, Fulnecek et al (2002] showed that the base at -1 position critical for 
transcription of SS rDNA is a guanosine in Nicotiana whereas it is a cytosine in 
5Spr20. Therefore, there was a low expectation of the functionality of 5Spr20 
promoter in N. benthamiana. However, as soon as PTGS was detected at the 
first GUS assay of 5Spr20 transformants, work did indeed start on the 
construction of a CaMV 35S-silencing cassette; this was later abandoned when 
the futility of raising assayable plants before the study deadline was realized. 
The level of PTGS induced by 5Spr20 promoter-shRNA is superior to or 
equivalent to that induced by ihpRNA cassettes under the control of standard 
promoters used in plant transformation such as the Ubi, CaMV35S or Ro/C 
[Smith et al, 2000; Wesley et al, 2001; Pandolfini et al, 2003; Lo et al, 2005]. 
However, the range of expression levels that normally characterises transformed 
populations was not observed among the 5Spr20-shRNA transformed plants 
when GUS stained tissue was examined at x40 magnification. This can be 
attributed to the sensitivity of the assay method. In experiments on the silencing 
of cha/cone synthase in Arabidopsis [Wesley et al, 2001 ], seeds of different 
transformed lines were indistinguishable to the naked eye; but perceptible 
differences were observed in pigmentation when seeds were examined under a 
microscope. Likewise, it is possible that subtle differences in GUS expression 
among 5Spr20-shRNA transformants can be detected with a more sensitive 
assay such as MUG assay. For instance, Lo et al [2005] using CaMV 35S 
promoter in an inducible-silencing cassette, could not detect gus transcripts in 
Northern blots 24 hours after repeat induction with EtOH, but yet were able to 
detect residual levels of GUS using fluorometry. 
The silencing effect of 5Spr20 promoter-shRNA is also similar to, or superior 
to that obtained with various class Ill promoters such as U6 and tRNAvai used 
in human cells, which gave >90% silencing of lamin [Paul et al 2002] and 
mutant k-ras expression (Kawasaki & Taira, 2003], respectively. However, 
when the silencing efficiencies of U6, 7SL and SS rDNA promoter constructs 
(all Class Ill promoters) were examined in HeLa cells, the 5S rDNA promoter 
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failed to silence human lamin expression [Paul, 2003). This was in spite of 5S 
rDNA expressed siRNAs co-localizing with lamin transcripts in the cytoplasm. 
The anomaly was explained by accessibility of the target in particular 
locations. It is also possible that the RNAi-pathway in humans, which is still 
not well understood [Paul, 2005] is modulated by subcellular localization of 
components of the RNAi pathway. Such differences are possible between 
different biological systems; for instance, mammalian OCR (dicer) is localized 
in the cytoplasm while DCL 1 in plants is nuclear [Bartel, 2004). As a 
consequence, the processing of miRNA occurs in the nucleus in plants 
[Kurihara & Watanabe, 2004], while in animals the process commences in the 
nucleus and continues in the cytoplasm [Paul, 2005). 
RT-PCR showed that gus transcript levels were almost non-existent or 
lowered several-fold in 5Spr20-shRNA transformed plants (Figure 3.39); this 
proves that sequence-specific gus-downregulation by PTGS was effective. 
Yet significant levels of gus transcripts are present and it is not clear why 
corresponding GUS protein levels were not detected. Probably it may have 
another reason as suggested by Lo et al [2005); in their study, when silencing 
was reversed gus transcripts reverted to normal levels in 72 hours, but GUS 
protein levels did not show comparable recovery and continued to decline to 
-5% of pre-induction level; a translation suppression component associated 
with dsRNA-mediated PTGS was suggested by the authors. 
The excellent results obtained with 5Spr20-gus shRNA also leaves several 
questions unanswered which could be investigated in future studies. Was the 
absolute silencing of GUS in 5Spr20-shRNA transformed plants caused by a 
single-copy of the transgene or by multiple copies as observed in the silencing of 
p53 in mammalian cells [Barton & Medzhitov, 2002]? The authors found that 
silencing of p53 by retroviral delivered Pol Ill promoter-driven shRNA cassette 
was highest in super-infected cells whose genomes had most copies of the 
integrated vector. Should Southern hybridisation reveal several copies of 
5Spr20-gus shRNA, what then is the effect of a single-copy of the silencing 
cassette? 
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Off-target effects [Snove et al, 2004], insertional mutation and somaclonal 
variation can also account for gus silencing and these possibilities should be 
eliminated. Prior to use, the gus sequence selected for the hairpin was validated 
by a BLAST search of EST, Unigene and other library databases at NCBI, which 
failed to reveal any homology between the gus sequence and unrelated 
sequences. Yet, it is still possible that there could have been unsuspected off-
target effects. This possibility can be eliminated by an assay for gus-specific 
siRNA in silenced plants. 
Accumulation of target-specific siRNA is the hallmark of dsRNA-mediated 
silencing. siRNA assay (section 3.6.3.2) was attempted only once and the failure 
to detect gus-specific siRNA in this assay can be attributed to insufficient 
snRNA, high hybridisation temperature and inappropriate probe. Clear evidence 
for accumulation of gus-specific siRNA in 5Spr20-gus shRNA transformed plants 
is strong proof that silencing was due to sequence specific degradation by gus-
siRNA. 
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CHAPTER IV 
ALTERNATIVE PROMOTERS FOR GENE DOWN REGULATION 
AND EXPRESSION 
1. INTRODUCTION 
1. 1. Candidate genes 
Several other candidate genes were also investigated to identify useful pine 
promoters. These include the class Ill gene transfer-DNAMet-1, three class II 
housekeeping genes and three genes that were proven to be good expressors in 
heterologous systems. The aim was to identify the pine orthologs of these 
candidate genes and clone their promoters. 
1.1.1. Candidate gene transfer-DNA of initiator methionine {tDNAMet-1) 
Codon usage differs among species [Joshi et al, 1989]. However, an invariant 
feature of most eukaryotes is the use of AUG start codon for translation initiation. 
Transfer RNAMet-i (tRNAMet-) provides the first methionine of the nascent peptide 
chain and therefore, performs an essential function. The small gene size, a highly 
conserved sequence [Akama & Tanifuji, 1989) internalized promoters and 
constitutive expression [Sharp et al, 1985; Bourke & Folk, 1992) make tDNAMet-i 
an attractive candidate for promoter isolation. tDNA genes comprise a 
transcribed region, which is 72 to 113bp long and contains the internal (minimal) 
promoters (the A- and B- boxes) required for accurate and basal transcription 
and the flanking regions which contain the external promoters and signals for 
transcription termination. 
Pol Ill gene promoters such as those of U6, H1 and tDNAvai are very efficient in 
producing gene knockouts in humans [Kawasaki & Taira, 2003) and are widely 
used in human RNAi studies. As entire genomes of plant species become 
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sequenced the major task ahead is to define the functions of putative genes for 
which reverse genetics is widely used. A pine tDNAMet-i promoter can fulfil this 
niche role in pine functional genomics. Furthermore, a group from Poland 
reported their attempt at using tDNA promoters for protein coding sequences, but 
details are not available [Kaczmarek & Augustyniak, 1994]. 
1.1.2. Candidate genes from RNA polymerase II encoded housekeeping genes 
An alternative approach is to select candidates from among housekeeping 
genes, which often exist as multigene families [Long & Dawid, 1980]. Some of the 
best-known plant promoters come from multigene familes; the maize Ubi 
promoter was derived from the ubiquitin family while the rice Act1 promoter 
comes from the actin superfamily. A problem often faced in selecting specific 
paralogs from large multigene families is that many isoforms have to be screened 
to eliminate low expressed genes and pseudogenes before a desirable gene can 
be identified. Three candidate genes were considered under this category. 
(1) Actin2 is a member of the A.thaliana actin superfamily. It exhibits strong and 
constitutive expression in vegetative tissues and flowers of A.thaliana [An et al, 
1996]. Its expression pattern is different to that of other actin paralogs. 
(2) Actx is an uncharacterized pine actin gene, whose full-length cDNA (a gift 
from Geenz Ltd) was isolated from a directionally cloned cDNA library. It may be 
possible to design gene-specific primers from its untranslated regions (UTR) for 
use in RT-PCR, PCR and hybridization. 
(3) RNA Polymerase II is composed of 12 subunits [Sakurai & lshihama, 2001], 
each of which is encoded by a single copy gene in yeast [Woychik & Young, 
1998] and is required in every cell for the transcription of class II genes. Rpb2 
encodes the second largest subunit of Pol II in A. tha/iana [Ulmasov & Guilfoyle, 
1992]. 
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1.1.3. Highly expressed heterologous candidate genes 
Also considered for screening were three single-copy genes known to be strong 
expressors in heterologous hosts. Their pine orthologs, however, may not 
necessarily be strongly expressed in pine because of different requirements for 
activated transcription. 
(A) EST T13794 (or T137) is constitutively expressed in A.thaliana [An et al 
1996]. T137 lies in close proximity to Actin3 in an antisense orientation and their 
TAT A boxes are separated by only 270 bp. This is similiar to the divergent 
configuration of the human dihydrofolate reductase gene and a mismatch repair 
protein gene whose transcript start sites are 90 bp apart. Shimada et al [1989] 
showed that a promoter region as small as a 165 bp fragment between the genes 
is sufficient for accurate bidirectional transcription of the two human genes. The 
small space between T137 and Act3 promoters suggests that, as in the case of 
the human genes, the promoter sequences required for their expression may be 
very compact [An et al, 1996]. A putative pine T137 ortholog will therefore, have 
the two desirable features of strong expression and a compact promoter, 
provided it retains the functionality and structure of its Arabidopsis counterpart. 
(B) AtL 18 which encodes the cytosolic ribosomal protein (RP) L 18 of Arabidopsis 
is expressed in leaves, stems, rosettes, siliques and roots and at all 
developmental stages [Baima et al, 1995]. 
(C) RP gene MsRL5 of Medicago sativa is expressed strongly in the stems, 
leaves, roots, buds and flowers at petal burst and anthesis [Asemoto et al, 1994]. 
1.2. Screening for pine orthologs of candidate genes 
Generally, the exons of gene orthologs display a fair degree of conservation 
while the introns and flanking regions are diverged. PCR primers and 
hybridisation probes were designed from the coding sequences of candidate 
genes and used to screen the pine transcriptome for orthologs. A positive signal 
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in the screen indicates not only the presence of putative ortholog(s) but also their 
spatial and temporal expression when transcriptomes of different tissues at 
various developmental stages are compared. Screening was performed under a 
range of stringent conditions on account of the sequence mismatches that may 
exist between orthologs of pine and heterologous species. Following this, the 
cloning of promising pine orthologs was attempted using several PCR-based 
methods. 
1.3. RNA extraction 
Nuclear RNA is often associated in ribonucleoprotein particle (RNP) complexes 
such as ribosomes and spliceosomes, or attached to nuclear pore complexes 
(NPC) [Galliurd & Strauss, 1990; Mattaj & Englmeier, 1998]; cytosolic RNA is 
found in polysomal arrays or bound to the endoplasmic reticulum. The RNA has 
to be separated from other 'contaminants', since the latter could interfere with 
various assays or trigger RNA degradation [Chang et al, 1993; Schultz et al, 
1994; Chomczynski & Machey, 1995]. Polysaccharides and proteins inhibit 
reverse transcriptases [Schultz et al, 1994; Chomczynski & Machey, 1995] 
resulting in cDNAs of smaller modal size [Chang et al, 1993]. 
The presence of complex secondary products such as polysaccharides and 
phenolic compounds make routine isolation of plant RNA difficult [Hughes & 
Galau, 1988; Baker et al, 1990; Manning, 1990; Lopez-Gomez & Gomez-Lim, 
1992]. Standard RNA extraction procedures using detergents, high molarity 
guanidium buffers, sodium perchlorate, chaotropic agents including boric acid, 
phenol extraction, or density gradient centrifugation often fail when working with 
plant tissues rich in secondary products [Levi et al, 1992]. Pine tissues contain a 
higher level of phenolics than deciduous trees [Schneiderbauer et al, 1991] and 
are rich in polysaccharides and RNases. Pine RNA extracted by phenol or 
guanidium hydrochloride methods [Baker et al, 1990; Schneiderbauer et al, 1991] 
result in a brownish precipitate; yields are less than 20 µg RNA g·1 tissue and the 
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A250/A2so ratio <1.2. Commercial kits based on guanidium isothiocyanate/phenol 
give higher RNA yields but the quality is low [Chang et al, 1993]. 
The integrity of a total RNA preparation is deduced from the integrity of the major 
(25S and 18S) rRNA species when RNA is electrophoresed in native or 
denaturing gels. The hydroxyl group at the 2' position of the sugar in RNA 
molecules participates in interactions with phosphates or bases that stabilize 
folded structures. As a result, mRNA can attain stable tertiary structure(s) and the 
resulting conformation polymorphisms will display different mobilties in gel 
electrophoresis. Therefore, denaturing gels are used to size fractionate total RNA 
for northern blots. Under denaturing conditions and in the presence of the 
zwitterionic MOPS, RNA migrates as linear monomers [Cantor & Smith, 1999]. 
2. MATERIALS AND METHODS 
2.1. Plant material used in RNA extractions 
To study temporal expression, RNA was isolated from three life stages of pine, 
namely juvenile plants cultured in vitro, semi-mature plants from the nursery and 
mature field plants. Spatial expression was monitored by assaying stems and 
leaves (needles). The material for expression analyses was collected from the 
elite pine clone 850.55. Using a single genotype for RNA studies minimises 
variability in nucleic acid quality, which could arise in RNA sourced from different 
genotypes which differ in the level of contaminants. RNA was also extracted from 
control plants such as A. thaliana and Medicago sativa. 
2.2. Modified RNA extraction protocol 
Total RNA isolated in this study (chapter II, 1.1) was low in snRNA. Therefore, 
the following modification was introduced to improve recovery of snRNA. 
Following serial extraction of the plant extract with CHCb, the clear supernatant 
was made up to 0.2 M NaOAc final concentration. 0.54 volume propanol (IPA) 
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was added with slow stirring, mixed by inversion and incubated at room 
temperature for 30 minutes. Tubes were centrifuged at 12,000rpm for 30 minutes 
and the RNA in the supernatant was recovered by adding IPA to 0.3- final volume 
[Von Ehrerenstein, 1967]. The supernatant was decanted completely and the 
pellet washed with 70% EtOH and dried at room temperature. 
2.3. Probes used in hybridization 
(A) A 72 bp probe of tDNAMet-i gene was amplified from plBI [Akama & Tanifuji, 
1989] using primers corresponding to the 5' and 3' end regions of A.thaliana 
tDNAmet-i_ Riboprobes were also prepared from tDNAMet-t cloned in pKS. 
(B) Digestion of plasmid p8293 containing the cDNA of ActX with Xbal gave a 1.2 
kb fragment containing the entire -1.1 kb CDS flanked by - 50 bases of UTR 
sequences. The full-length 3' UTR of ActX was also amplified for use as gene-
specific probe in Southern hybridization. In ad~ition, a -200 bp Pstl probe was 
also prepared from ActX CDS. 
(C) Double digestion of pCDNA II [An et al, 1996] with Xbal and Hindlll gave a 
-1.6 kb cDNA probe of Arabidopsis Act2. Gene-specific probes for Southern 
hybridization were amplified from the -300 bp 3' UTR using forward primer 5' 
ctaagctctcaagatcaaaggct 3' containing the stop codon and reverse primer 5' 
aacattgcaaagagtttcaaggt 3' located 317 bases downstream of the stop codon. 
(D) A genomic probe and a cDNA (-300 bp) probe of EST T137 were amplified 
from A.thaliana using primers used by An et al [1996]. 
(E) pl 14 and p72/20 [Baima et al, 1995] were digested with EcoRI to release two 
non-overlapping cDNA probes of AtL 18 of A. thaliana. 
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(F) BamHI digest of pluz5 [Asemoto et al, 1994] gave a 720 bp cDNA probe of 
ribosomal protein MsRL5 of Medicago. 
(G) The -2 kb cDNA probe, corresponding to the 3' 2/3rds of the coding region of 
the gene (Rpb2) for the second largest subunit of Arabidopsis Pol II was obtained 
by digesting pAtRP140 [Larkin & Guilafoyle, 1993] at its Smal site. 
2.4. Northern hybridization 
Total RNA was quantitated fluorometrically and 30 µg total RNA from different 
pine tissues and control RNA were electrophoresed under denaturing conditions 
and blotted to positively charged nylon membrane (chapter II, 8.3). Hybridization 
was performed with 32P- or DIG-labelled probes. 
2.5 RT-PCR 
2.5.1. RT-PCR of tDNAMet-i 
One µg DNased RNA was reverse transcribed using AMV transcriptase and 
tDNAMet-J antisense primer in a 25 µI reaction; five µI of cDNA (Kohchi et al, 1995) 
was amplified by 22 cycles of PCR using tDNAMet-J primers (chapter II, 11.7.2). 
2.5.2. RT-PCR of Actx 
RT-PCR was performed with 3' UTR sense primer 5' gtttttaagttcagtgcttaga 3' and 
antisense primer 5' tctagcaatacaaacacaaatt 3'. The PCR segment comprised 22 
cycles of a reiterative program consisting of 95°C x 40", 55°C x 15", 72°C x 15", 
preceded by an initial denaturation at 95°C for 2'. 
2.6. Isolation of tRNAMet-i coding region 
Primers 5' atcagagtggcgcagcgg 3' and 5' tatcagagccaggtttcgat 3', corresponding 
to the 5' and 3' end regions, respectively, of A.thaliana tDNAmet-i flanked by 
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EcoRI and Hindi/I restriction sites were used to amplify 100 ng pine DNA PCR 
consisted of an initial denaturation step of 95°C x 2' followed by 20 cycles of 
95°C X 40"· 60°C X 15"· 72°C " ' , x 15 . The amplicon was cloned and sequenced. 
2. 7. Single primer PCR (SP-PCR) 
2.7.1. SP-PCR of tDNAMet-i 
SP-PCR [Screaton et al, 1993] (chapter II, 12.1) optimization was conducted with 
internal primer 5' tatcagagccaggtttcgat 3' (position 72 to 53 of tDNAMet-~ at 
annealing temperatures ranging from 45-55°C and template concentrations of 10 
to 500 ng for 40-60 cycles, to determine the optimum annealing temperature for 
dsDNA formation. After optimization, PCR was performed at the annealing 
temperature of 50°C for 45 cycles. Each cycle consisted of 95°C x 40"; 50°C x 
30"; 72°C x 2'. The PCR products were sequenced with the sequencing primer 5' 
cgatcctgggacctgtggga 3'. 
2.7.2. SP-PCR of pine ActX 




Figure-4.1. Sequence of ActX 5' UTR. Underlined sequences refer to sequencing 
primer and internal primers, respectively. See text for explanation 
Primers were designed from the distal 140 bases of the noncoding strand of 5' 
UTR. Proximal primer 5' agaagggcagcagcagcaacaa 3' served as the internal 
primer (internal primer I) and distal primer 5' agctcgagtggttatacaaa 3' as 
sequencing primer. Internal primer II, 5' tatcgatcctgctcgtcggat 3' is located 11 
bases from the proximal end of internal primer I (Figure-4.1). 
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2.8. Asymmetric PCR (A-PCR) of tDNAMet-1 and b' t· I ted t · 1· 10 my a rapping o 1gomers 
Primers 5' atcagagtggcgcagcgg 3' (primer-I) and 5' tatcagagccaggtttcgat 3' 
(primer 11) were used to generate ssDNA amplicons of tRNAMet-i genes and their 
flanking regions by A-PCR. The target sequence was captured by an immobilized 
biotinylated oligonucleotide probe (primer-I) complementary to the 3' end of the 
coding strand. The captured ssDNA was homopolymer-tailed and converted into 
dsDNA by amplifying the ssDNA with a gene-specific primer and a primer 
complementary to the homopolymer tail [Lee & Vacquier, 1992; Koenig, 1997]. 
Conditions for asymmetric PCR were optimised by testing Primers I and II at 
molar ratios ranging from 1 :20 to 1 :50 using 20-40 ng pine DNA. PCR consisted 
of 25 cycles, each made up of 95°Cx1'; 56°Cx20"; 72°x1', preceded by an initial 
denaturation step of 95°Cx2'. The preparation of magnetic particle-linked 
trapping oligo is described in chapter II, 12.2. 
The solution containing A-PCR products was denatured at 95°C for 3', cooled to 
80°C and trapping oligonucleotides were added. The solution was gradually 
cooled to 56°C and annealing continued for a further 10'. The ssDNA trapped on 
magnetic particles was washed and homopolymer tailed [Greiger et al, 1993]. 
The ssDNA was dissociated from trapping primer by boiling for 3' and immedietly 
quenching on ice. The dG-tailed ssDNA was amplified by anchor-PCR [Loh et al, 
1989] using an 18 nt oligo-dC primer complementary to the homopolymer tract 
and Primer II. A 15 µI aliquot of the supernatant was amplified using 30 cycles of 
95°c x 40"; 56°c x 20"; 12°c x 2'. 
2.9. Rapid amplification of genomic ends (RAGE) of tDNAMet-i 
The method of Mizobuchi & Frohman [1993] was used to isolate the upstream 
region of tDNAMet-i. Five µg pine genomic DNA was digested with EcoRI, which 
cleaves outside the known tDNAMet-i sequence and ligated to 5 µg pSK linearized 
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with EcoRJ. Two PCR amplifications were performed sequentially on the ligation 
mixture using pairs of nested primers. Since there may be two different 
orientations for each ligated insert, four reactions were performed using primers 
complementary to the plasmid and the known tDNAMet-i sequence. 
In the first round of PCR, 100 ng of the ligated product was denatured at 95°C for 
5' in a PCR mix containing 25 pmoles of tDNAMet-i reverse primer and 25 pmole 
M13 forward or reverse primer and annealed at 55°C for 2'. Taq polymerase was 
added and initial extension was performed at 72°C for 40'. This was followed by 
30 cycles of 94°C x 30"; 55°C x 30"; 12°c x 3'. The primary reaction was diluted 
a 1 OOO-fold and 2 µI used in a second round of PCR with tDNAMet-i sequencing 
primer and T7 or T3 plasmid-primers. 
3. RESULTS 
3.1. RNA yield and purity 
The quantity and quality of total RNA were determined by spectrophotometry and 
gel electrophoresis (Table-4.1). RNA was quantified using A250 values and its 
purity determined by A26o/A2ao ratio, although the validity of this 'venerable and 
widely used' method [Warburg & Christian, 1942] has been questioned [Glasel, 
1995]. 
Table-4.1 Total RNA yield (µg g-1 tissue) and purity 
Stage Juvenile Semi-mature Mature 
Tissue 1 2 1 2 3 1 2 
Yield 1 102 72 60 52 28 50 42 
Purity 2.1 2.1 2.0 2.1 1.8 2.0 2.2 
Table-4.1. A comparison of RNA isolated from differ~~t pine tissues. 1 = Stem, 2 = 
N di 3 = Root" 1 Yield based on 1 OD2so = 40 µg ml RNA. RNA was prepared b¥ a 
m~~ifi~~tion of th~ method of Chang et al [1993]. Purity is given by the A260/A/280 ratio. 
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When electrophoresed in native agarose gels, total RNA gave distinct 25S and 
18S rRNA bands which co fi d th . n 1rme at the RNA was intact and undegraded. 
There was no visible sign of contaminating DNA (Figure-4.2). 




Figure 4.2. One µI total RNA was electrophoresed in 1.5% native TAE gel and visualized 
by EtBr staining. Lane 1. 1 kb ladder, Lane 2. Total RNA. 
3.2. Small nuclear RNAs 
The small nuclear RNA (snRNA) fraction which contains tRNAs (and 5S rRNA 
and other snRNAs) is important for the assay of tRNAMet-1• The concentration of 
snRNA in total RNA preparations was low as evinced by low intensity of 
fluoresence at the advancing front (-100 bp) of electrophoresed RNA 
preparations. This is probably due to the use of high molar LiCI in the RNA 
extraction protocol [Chang et al, 1993] which was used in this study. The snRNAs 
are solubilized at high LiCI concentrations [Avital & Elson, 1969]. Therefore, 2.5 
M LiCI may have selectively precipitated the larger mRNAs and major rRNAs 
while the snRNAs were lost in the supernatant. 
RNA was prepared by the modified RNA extraction protocol (Section 2.2.). The 
preparation obtained by this altered protocol was enriched in snRNA (Figure-4.3). 
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4.4 kb 




Figure-4.3. Total RNA preparation was electrophoresed in 1.5% agarose gel and 
visualized by EtBr staining. Shows good recovery of small RNA (snRNA). 1. RNA ladder, 
2. 3µ1 RNA, 3. 100 bp DNA ladder 
3.3 Arabidopsis and Glycine max RNA 
RNA prepared from these species was used as positive control in RT-PCR and 
northern hybridization experiments of candidate housekeeping genes such as 
tDNAMet-i, Act 2 and Pol II. RNA was extracted using the modified method from 
newly emerging leaves of soybean seedlings and young Arabidopsis plants 
(Figure-4.4); juvenile tissue of G.max was used since mature or semi-mature 
tissues contain procyanidins (tannins) which lower the quantity and quality of the 
extracted RNA [Wang & Vodkin, 1994]. The A25o/A2ao values of RNA prepared 
from the two species were 2.1 and 1.9, respectively. 
18S RNA • 
snRNA 
1 2 
Figure-4.4. Arabidopsis total RNA. 1. Arabi~ops~s total_ RNA, 2. 1 Kb ladder. Total RNA 
was electrophoresed in 1.5% TAE gel and v1suahzed with EtBr. 
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3.4. Transfer RNA-methionine initiator gene <tDNAmet-i) of pine 
3.4.1. Expression of the putative pine tDNAmet-i ortholog 
The expression profile of the pine tDNAmet-i ortholog was studied by northern 
hybridisation. Pine northern blots were prepared from RNA extracted from 




Figure-4.5. A Northern gel containing 30µg total RNA from different pine tissues (lanes 
2-7) and 0.5 µg RNA from Arabidopsis (lane 8) run under denaturing conditions and 
visualized with EtBr staining.: 1. RNA ladder 2.Juvenile stem 3. Juvenile needle 4. Semi-
mature stem 5. Semi-mature needle 6. Mature stem 7. Mature needle 8. Arabidopsis 
RNA. 
Hybridization of the blots was performed over a range of stringency conditions 
using DIG- and later 32P-labelled tDNAmet-i genomic probes and riboprobes. No 
signals were obtained, which led to the speculation that pine tRNAmet-i was a low-
copy transcript with high functional efficiency, or had low sequence identity to 
plant orthologs. Therefore, tRNAmet-i transcripts in total RNA were first amplified 
by RT-PCR and then probed in Southern blots; yet no visible signals were seen 
(Data not shown). 
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A close examination of RNA gels showed that there was very little snRNA (:S150 
nt) in the RNA preparations, which would explain why no tRNAmet-i was detected. 
The method of Chang et al [1993] possibly extracts the larger species of RNA 
preferentially, as a consequence of using high molarity LiCI to precipitate RNA. 
Therefore, fresh total RNA was prepared from pine tissues and control plants by 
the modified RNA extraction method (section 2.2) and northern blots prepared 
from these preparations were hybridized with tDNAmet-i probes at 68°C. A very 






Figure-4.6. Northern blot hybridized with tDNAMet-i probe. 1.Juvenile stem 2. Juvenile 
needle 3. Semi-mature stem 4. Semi-mature needle 5. Mature stem 6. Mature needle. 
Total RNA was extracted from various tissues and quantified. 30µg were 
electrophoresed per lane and transferred to nylon membrane. 32P-labelled tDNAmet-i 
probe was hybridised at 68°C and washed at 65°C. Internal controls were not hybridised 
to show equal RNA loading but see EtBr stained ribosomal RNA bands in figure 4.5. 
The steady-state level of tRNAmet-i appears to be high in all pine tissues as 
apparent from above autoradiograph which was exposed for only 30'. The 
hybridization signals detected in transcripts of all pine tissues confirm the 
constitutive expression of tDNAmet-i. The EtBr stained major ribosomal RNA 
bands in Figure-4.5 confirm equal loading of total RNA in each lane. 
3.4.2 Isolation and characterization of pine tRNAMet-i gene 
The pine tDNAMet-i gene is a suitable candidate to clone for promoter extraction 
because of its strong expression in all the tissues tested above. Primers 
designed from the fully conserved end sequences of tDNAmet-i of A.thaliana 
[Akama & Tanifuji, 1989] were used to amplify the pine ortholog from pine 
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genomic DNA. A single band of approximately 80 bp was amplified by PCR. 
When allowance is made for restriction sites introduced for cloning, the length of 
the amplicon is - 70 bp wh·1ch · · ·1 · · 1s s1m1 ar to the size of orthologs m other plant 




1 2 3 4 5 
Figure-4.7. PAGE of tDNAmet-i: PCR reactions were run in 10% PAGE gels and 
visualized by EtBr staining. 1. A thaliana, 2. G. max, _3. 25 bp ladder, 4. Pine, 5. Water. 
The sequence of pine tDNAmet-i shows absolute homology to orthologs from 



















Figure-4.8. Multiple alignment of tDNA,.,.; sequences •underlined region shows the 
amplified segment: sequences in bold are the split promoters - the 5' A Box and 3' B-
box. bPalmer & Folk [1987], c tRNA of wheat [Ghosh et al, 1982] 
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The amplified region of 33 bp b tw th · · · e een e pnmers shows complete 1dent1ty to the 
corresponding region in tDNAMet-i orthologs. Since tDNAMet-i and its transcripts 
are fully conserved in all species where their sequence is known [Canaday et al, 
1980; Sprinzl et al, 1998; Akama & Tanifuji, 1989], it is proposed that the above 
PCR sequence represents the complete genomic sequence of pine tDNAMet-i. 
However, proof of its end sequences, which in this case were derived from 
conserved primers can only be obtained by sequencing genomic clones 
containing the gene, or by primer extension studies of tRNAMet-i_ The putative 
pine tDNAMet-i has all essential features of an active tDNA gene - an A-box at 
position 9 which conforms to the consensus sequence RGYNNARYGG and 
corresponds to the 5' part of the DHU (dihydrouridine) arm and loop of the 
mature tRNA and a B-box at position 50 of consensus sequence 
NNG(T/A)TCRANNC which corresponds to the T"'C (pseudouridine) loop [Gauss 
& Sprinzl, 1981; Pavesi et al, 1994; Yukawa et al, 2000] 
3.4.3. Cloning the flanking region of tDNAMet-i 
The genomic region flanking the 5' end of tDNAMet-i may contain cis-acting 
elements as found in several plant tDNAs [Yukawa et al, 2000] that influence 
activated transcription and transcription re-initiation. Therefore several PCR-
based methods, which enable walking into the unknown region of a gene were 
investigated in order to clone putative external promoter elements of tDNAMet-i. 
3.4.3.1. Single primer PCR of tDNAMet-i 
SP-PCR (section 2.7.1) uses a single gene-specific primer to amplify both gene-
specific and -nonspecific amplicons and a second gene-specific primer to detect 
the authentic gene-specific product. Optimization studies showed that dsDNA 
amplification occured freely at annealing temperatures below 52°C, which in itself 
is in contrast to the findings of Screaton et al [1993] who reported it as a rare 
event. When reactions were performed under optimized conditions and the PCR 
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reaction containing a mix of heterogenous products were sequenced with a 
tDNAMet-t_specific primer distal to the walking primer, no clean signals were 
obtained. In theory, the sequence primer should seek out the authentic gene 
amplicon from among several false primed amplicons. 
These initial results suggested that there were several copies of pine tDNAMet-i 
gene which differed in their flanking sequences. Therefore the SP-PCR reaction 
was resolved in PAGE gels and band stabs [Weaver et al, 1994] of individual 
bands were reamplified and sequenced. They gave noisy sequences. 
Subsequently, PCR reactions were cloned and about 20 clones were sequenced 
with the gene-specific primer and later with M13F primer. The sequences were 
characterized by high noise, or mixed signals of low amplitude (Figure-4.9), or 
non-specific extension products. 
IGlGA CCIIIITC CCIWICGT,illlfi;C CT CCDllm 1fil.G(JIIIl'lltfflACTll'l;t7\TRTl'(IM;OOG'l'rC!tCt.lC!tNlbmGttC~'!D 'lllmfflta 
~2~~~~ 
Figure-4.9. The sequence readout of a putative pine tDNA,.,_, flanking sequence. The 
SP -PCR product was cloned in a T-vector and sequenced with the pine tDNA,.,_,_ 
specific sequencing primer. The readout was noisy, possibly because of poor annealing 
of the sequencing primer. 
3.4.3.2. Asymmetric PCR of tDNAMet-i and biotinylated trapping oligomers 
As SP-PCR was not successful in isolating tDNAMet-i flanking sequences, A-PCR 
using magnetic bead-based trapping oligonucleotides (section 2.8) was tested. 
During A-PCR optimization, all reactions gave the expected 72 bp band of 
tDNAMet-i produced by the reaction of stoichiometric amounts of forward and 
reverse primers and a smear of high- molecular weight ssDNA resulting from the 
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excess reverse primer The h" h t · · · · 19 es yield of ssDNA was obtained using 40 ng 
pine DNA and a primer ratio of 50: 1 (Figure-4.10) . 
.._72bp 
1 2 3 
Figure-4.10. Asymmetric PCR performed at different primer ratios. The whole reaction 
was electrophoresed in 1 % TAE and visualized by EtBr staining. 1. 1 kb extension ladder, 
2. PCR primed with 1 :20 primer ratio, 3. PCR primed with 1 :50 primer ratio. 
The PCR reaction affinity purified with antisense oligos annealed to magnetic 
beads and containing ss-DNAMet-t was homopolymer-tailed and subjected to PCR 
using oligo-dC primer directed at the homopolymer tail and the nested tDNAMet-i 
primer II. The PCR cycling was changed to a touchdown program [Don et al, 
1991], commencing with an annealing temperature of 64°C and falling by 1°c 
decrements to 56°C to compensate for the higher Tm of oligo-dC primer. The TD 
program produced a prominent -100 bp band and a smear of high molecular 
weight bands. The 100 bp putative extension product was cloned and sequenced 
with the reverse primer (from the 3' end of tDNAMet-1. The proximal sequence of 
the readout was identical to the known 5' sequence of tDNAMet-i; however, it 
extended directly into a poly-C tract at the 5' end of tDNAMet-i (Data not shown). 
Therefore, A-PCR was not successful in walking the tDNAMet-i 5' flanking region. 
3.4.3.3. Rapid amplification of genomic ends (RAGE) of tDNAMet-i 
The RAGE protocol (section 2.9) was then tested to clone the tDNAMet-t upstream 
region. A library consisting of digested pine DNA fragments cloned in pSK was 
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subjected to nested PCR using combinations of plasmid- and gene-specific 
primers. The primary RAGE reaction produced a smear and two prominent bands 
of - 400 and 500 bp. The secondary reaction using nested primers produced a 
band-shift, giving two smaller products -200-300 bp (Figure-4.11). The two 
bands of secondary PCR were eluted and sequenced with the tDNAMet-i_specific 
sequencing primer, which should seek out the authentic amplicons. However, a 










Figure-4.11. Primary and secondary PCR products of tDNA,.,_, RAGE-PCR 
electrophoresed in 1.5% TAE agarose gel and visualized by EtBr staining. 1. Primary 
PCR 2. Secondary PCR. The 500 bp band is clearly seen in figure-4.12 
A Southern hybridisation of RAGE primary PCR was performed to confirm 
whether the amplicons did in fact contain tDNAMet-i_specific extensions. When 
Southern blots of primary RAGE products were probed with end-labelled tDNAMet-
;_specific sequencing primer under stringent conditions, it gave rise to a series of 
closely spaced, fine bands clustered around the -300 to 500 bp region (Figure-
4.12), indicating that there are indeed gene-specific products in the primary 
reaction. 
RAGE was then repeated using different (eg. T7) nested primers, PCR cycles 
and template concentrations during secondary PCR. The amplicons were cloned 
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and sequenced but they did not give any 'valid' sequences that overlapped the 
known tDNAMet-t 5' sequence. 
1.6 kb 
500 bp .__ 500bp 
+- 300 bp 
1 2 1 2 
GEL BLOT 
Figure-4.12 Hybridization of primary PCR products. with gene-specific probe Figure 
shows the gel and corresponding blot; The PCR products were electrophoresed in T AE 
gels and alkali-transferred to positively charged membranes. The blot was hybridised 
with end labelled sequencing primer. 1. 1 kb ladder, 2. Primary PCR 
3.4.3.4. Thermal asymmetric interlaced PCR ITAIL-PCR) of tDNAMet-i 
TAIL-PCR (chapter II, 12.3) which uses three nested tDNAMet-t primers and a 
constant arbitrary primer in three rounds of PCR to amplify gene-specific 
amplicons was then tested to isolate tDNAMet-t 5' flanking regions. The primary 
reaction when electrophoresed, produced two bands of -500 and 600 bp; 
however, no visible products were obtained in secondary or tertiary PCR. 
3.4.3.5. Enriched small-insert genomic library of tDNAMet-i 
A final attempt at cloning the upstream region was made using the method of 
Karagyozov et al [1993), which was used to recover complementary genomic 
sequences from genomic DNA digests using short sequences such as simple 
sequence repeats (SSR) immobilized on solid supports (Chapter II, 12.4). In this 
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experiment, Haell/ digested and adaptor ligated genomic DNA was amplified by 
adaptor primers. The resulting library was enriched for tDNAMet-t fragments by 
adsorption with immobilized tDNAMet-1-specific oligos. Two rounds of enrichment 
were performed· The primary amplified library contained fragments in the 0.2-0.8 
kb range. The final enriched library was made up of fragments -200-500 bp long 
(Figure-4.13). 
~ .--•• ~ 600 bp 
+-- 100 bp 
1 2 3 
Figure-4.13. 1. The entire PCR reaction of secondary and primary enrichments were 
electrophoresed in 2% TAE gel and visualized by EtBr staining. 1. Secondary 
enrichment 2. Primary enrichment 3. 1 OObp ladder. See text for explanation. 
The library was cloned and transformants grown on blue/white selection media 
were colony hybridized using end-labelled tDNAMet-i forward primer. The probe 
failed to distinguish the 'white' from the (control) 'blue' colonies even under 
stringent hybridization conditions. Therefore, transformants were selected by 
Lacz a-complementation alone and plasmids of selected clones were sequenced 
with M13 forward primer, but none of them contained known tDNAMet-t 
sequences. Jn vitro transcribed pine tRNAMet-i was later used as a denatured 
trapping ligand to produce fresh libraries but again, none of the sequenced 
clones contained pine tDNAMet-t sequences. 
3.4.4. Southern Hybridization of pine tDNAMet-i 
Southern hybridization was performed with 32P-random labelled tDNAmet-i probes 
to determine the copy status of pine tDNAMet-i. This may, at least in part, provide 
reasons for failure of several attempts to walk the 5' flanking region of the gene. 
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Hybridization and washing "" · · · were pe, ,ormed over a range of stringency cond1t1ons 
but no signals were detected (Data not shown). 
The efficiency of the probe was validated by hybridising the 32P- labelled tDNAmet-
; probe with a control blot carrying Hind Ill digested A. thaliana DNA; it gave at 
least three visible bands when hybridised at 55°c (Figure-4.14) 
+- 15 kb 
+- 1.6 kb 
1 ? 
Figure-4.14. Southern blot of Arabidopsis DNA. 25 µg· of DNA was digested with Hindi II, 
electrophoresed in 0.8% TAE gel and transferred to positively charged nylon membrane. 
The blot was hybridised with a 32P-labelled tDNAMet-i probe at 55°C and washed at 45°C. 
Lane 1. EcoRI digested DNA, Lane 2. 1 kb extension ladder. 
3.5. Actin gene ActX of Pine 
The second pine gene considered for cloning was pine ActX, an actin gene. 
Sequencing of a cDNA clone of the gene (gifted by GEENZ Ltd) revealed a 200 
bp 5' UTR, a 1.1 kb ORF and a full length 3' UTR ending in a poly-A tail. 
Homology search of the ORF sequence showed that it bore 85-90% identity to 
actin coding sequences of several angiosperm species. 
3.5.1. Northern hybridisation of pine ActX 
The expression of pine ActX was studied by Northern hybridisation. Northern 
blots were probed with a -1.2 kb cDNA probe of ActX. Since it is an endogenous 
gene, hybridization (68°C) and washing (65°C) were performed at high 
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stringency. Very strong hybr·d· t· · · ' 1za ion signals were observed m all lanes of the blot 
(Figure-4.15). 
1.35 kb 
2 3 4 5 6 7 
Figure-4.15. Northern blot hybridized with pine actin probe. 1.Juvenile needle 2. Juvenile 
stem 3. Semi-mature needle 4. Semi-mature stem 5. Mature needle 6. Mature stem 7. 
Arabidopsis total RNA. 32P-labelled ActX ORF probe was hybridised at 68°C and washed 
at 65°C. Each lane contains 30 µg of pine total RNA; the Arabidopsis lane contains 15 
µg total RNA. The film was exposed for 30'. Internal controls were not hybridised to show 
equal RNA loading but see EtBr stained ribosomal RNA bands in figure 4.5. 
A BLASTn search showed that the 3' UTR of Actx is unique to the gene. 
Therefore it was used to probe fresh Northern blots carrying 30 µg total RNA of 
each pine tissue at 65°C to assay gene-specific expression of Actx (Figure-4.16). 
The steady state level of Actx mRNA was higher in the needles of mature, semi-
mature and juvenile plants and moderate in stems of juvenile and mature plants. 
Overall, actin expression appears to vary by 10 to 40-fold among the tissues. 
~ 1.35kb 
1 2 3 4 5 6 
Figure-4.16. Northern hybridization with 3' UT_R probe of pine actin. 1.Juvenile needle 2. 
Juvenile stem 3. Semi-mature needle 4. Semi-mature stem 5. Mature needle 6. Mature 
stem. 32P-labelled ActX 3' UTR probe was hybridised at 65°C and washed at 65°C. 
Internal controls were not hybridised to show equal RNA loading but see EtBr stained 
ribosomal RNA bands in figure 4.5. 
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3.5.2. RT-PCR of pine ActX 
An RT-PCR using ActX-specific primers and 1 µg total RNA from each tissue 
was also done to confirm ActX-gene specific expression (section 2.5.2). A single 
-200 bp product of the expected size was amplified from 250 ng DNAsed-total 
RNA of all tissues (Figure-4.17) using gene specific primers obtained from ActX 
3'UTR. It confirms that pine ActX is expressed in all pine tissues tested; the 
results parallel those of northern hybridization with a higher expression observed 
in the needles of all stages and in mature stem. These conclusions could have 
been stated with more confidence if quantitative-RT-PCR had been done. 
~200bp 
1 2 3 4 5 6 7 8 
Figure-4.17. RT-PCR of total RNA using pine actin 3'UTR-specific primers. RT and PCR 
were performed at S0°C and 56°C, respectively. Reactions were electrophoresed in 
1.5% TAE gel and visualised by EtBr staining. 1.Juvenile stem 2. Juvenile needle 3. 
Nursery stem 4. Nursery needle 5. Mature stem 6. Mature needle 7. Juvenile needle 
without RT (-ve control) 8. 1 kb ladder. 
3.5.3. Cloning the pine ActX promoter using single primer PCR 
ActX, because of its strong to moderate expression in all pine tissues, is an 
attractive candidate for cloning and promoter isolation. SP-PCR was used to walk 
into the promoter region of ActX. 
During SP-PCR optimization, reactions primed with 4-40 pmole internal primer I 
(Section 2.7.2) gave three nonspecific bands, which also occurred in the negative 
control. In order to eliminate false positives, hotstart PCR was performed using 
ampliwax® beads, but nonspecific amplification persisted in the negative water 
control, which suggested internal priming of the primer [Kolmodin & Williams, 
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1997]. A new internal primer (internal primer II) was used, which produced four 
bands, ranging in size from -0.6 to 1.1 kb (Figure-4.18). 
+-- 1 kb 
0.5Kb 
1 2 3 
Figure-4.18. SP-PCR using Primer II. Reactions were electrophoresed in 1.5% TAE gel 
and visualised by EtBr staining. 1. PCR products 2. -ve control 3. 1 kb ladder 
4µ1 of the PCR reaction was sequenced using the Actx-specific 'sequencing 
primer', external to the walking primer used in PCR; a poor readout was obtained 
which was thought to be due to low concentration _of the gene-specific template in 
the heterogeneous PCR mix, or non-specific annealing of the sequencing primer, 
or due to the sequencing primer encountering extension products of several actin 
paralogs containing complementary regions. These various possibilities were 
validated by using a new sequencing primer which possessed a 'stronger' 3' end, 
optimizing the concentration of the gene-specific template by sequencing 2, 4 
and 8µ1 aliquots of SP-PCR products that had been concentrated, sequencing of 
DNA extracted from the individual bands and by sequencing band stabs of 
reaction products resolved in PAGE gels [Caetano-Anolles & Trigiano, 1998]. 
The sequence readout however was not improved by these changes (Data not 
shown). 
The SP-PCR products were then cloned [Marchuk et al, 1991] and randomly 
selected clones were sequenced using the actin 'sequencing' primer and later 
M13 F primer. Most inserts gave very poor sequence readouts possibly because 
their inserts were products of two false priming sites. The few that gave good 
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sequence results with M13 F primer had no actin signature sequences, nor any 
overlap with the known 5' sequence (Figure-4.19). 
: COCCATBG: C G:G8G.;Tf C CTTGl..."TT~.A TTTJ:;ACTAC CTGCGCCT!ACGTGGC'ItCTACAOOCAATT'JA'ITAATMAG'AATWJIATTTM:ATAAGCTTCTCTCATGAJ 
!~~ I~ Mi O 8 ~ 100 110 UC 
Figure-4.19 f:',. cl~a_n sequence of a cloned SP-PCR amplicon. Assuming that the first 
bas~ called 1s w1thrn 10-20 bp of the 3'end of the ActX-specific sequencing primer, the 
proximal bases of the sequence were compared with the known 34 bases 5' to the 
sequencing primer. No overlap with known 5' sequences was observed; nor were any 
actin signature sequences seen. 
3.5.4.Southern analysis of ActX 
Blots probed under a range of stringency conditions with the 3' UTR probe of 
ActX did not produce any hybridization signals. A Pstl fragment of Actx coding 
sequence (section 2.3) was then used to validate the blot; it produced several 
bands as expected of a conserved exonic sequence, but these were non-specific 
since they occurred at identical positions in the different digest lanes (Figure-
4.20). 
1 2 3 
Figure-4.20. A Southern blot of pine DNA probed with Pstl fragment of ActX CDS. Lane 
1 Xbal Lane 2 Hindlll Lane 3. EcoRI. 30 µg of pine DNA digests were electrophoresed 
i~ o.ao;~ TAE g~ls, tra~sferred to nylon ~embranes and prob;d with 32P-labelled ActX 
Pstl fragment. Blots were hybridised at 60 C and washed at 45 C. 
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3.6. Pine orthologs of heterologous single-copy gene candidates 
The pine transcriptome was also screened with exonic probes of candidate 
genes Act2, T137, AtL 18 and Rpb2 of Arabidopsis and MsRL5 of alfalfa (section 
1.1.2, 1.1.3) to verify the presence of pine orthologs and their expression pattern. 
3.6. 1. Expression of pine ortholog of A.thaliana actin gene Act2 
Northern hybridisation was performed with Act2 cDNA probe at 68°C and the 
blots were washed stringently at 65°C. Very strong signals, similar to those 
obtained with pine actin probe were observed in all lanes (Figure-4.21). 
1 2 3 4 5 · 6 
Figure-4.21. Northern blot of pine total RNA probed with Act2 cDNA probe. 1.Juvenile 
stem 2. Juvenile needle 3. Semi-mature stem 4. Semi-mature needle 5. Mature stem 6. 
Mature needle. Blots were probed with 32P-labelled Act2 cDNA at 68°C and washed at 
ss0 c. 
Northern blots were then re-probed with a Act2-specific 3' UTR probe. Possible 
mismatches between orthologs were anticipated and a range of hybridization 
temperature from 65-50°C were tested; no hybridization signals were detected 
even when low stringency washing conditions were adopted. 
3.6.2. Expression of T137. RP and Rpb2 pine orthologs 
The pine northern blots failed to produce any signals when hybridized with the 
genomic and cDNA probes of T137, or the cDNA probes of MsRL5 and Atl 18 
ribosomal proteins and of A.thaliana Rpb2, at hybridization temperatures ranging 
from 65-50°C and washing temperatures of 60-37°C (data not shown). 
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4. DISCUSSION 
4. 1. The tRNAmet-l gene of pine 
4. 1. 1. Expression and copy number of tDNAmet-i 
The high expression of tRNAmet-i in all pine tissues (Figure-4.6) is most likely due 
to high copy number of the gene. In many protists, mycophytes, metazoans, 
arthropods, rodents and primates the total number of tRNA genes exceed by far 
the number of different tRNA sequences [Long & Dawid, 1980]. In angiosperms 
too, most known tRNA genes are found in multicopy gene families, although 
some tDNAs do exist as single-copy genes [Green et al, 1987; Akama & Tanifuji, 
1989; Ramammonjisoa et al, 1998]. If the putative pine tDNAmet-i proves to be a 
single-copy gene, its promoter is predicted to be an excellent candidate for 
constitutive expression in transgenic pine. If, on the other hand, pine tDNAmet-i 
follows the norm of most eukaryotic tDNA, the strong signals in northerns is 
attributable to transcripts of several tDNAmet-i paralogs, or of subsets of 
differentially expressed paralogs. The possibility also exists that most of the 
tRNAmet-i expression is due to one or a few paralogs which are strongly and 
constitutively expressed; a similar situation is found in A.thaliana where Act2 and 
ActB belonging to the 10-member actin superfamily encode nearly 80% of the 
plant's actin [Meagher et al, 2000]. 
The copy status of pine tDNAmet-i could not be verified by Southern hybridisation 
using a probe which hybridises with Arabidopsis DNA (Figure-4.14), possibly 
because pine tDNAmet-i is either a single-copy gene, or constitutes a small 
multicopy gene family which is dispersed through the pine genome [Long & 
Dawid, 1980]; considering the larger than usual size of pine nuclear DNA, it 
would appear that more DNA (>30 µg per lane) may be needed to be probed in 
Southern analysis in order to detect tDNAmet-i. 
Chapter N Class II and Class m genes 
4. 1.2. Isolation of the 5' flanking region of pine tDNAMet-i 
The gene (containing the internal promoters) and its 5' flanking region may be 
needed for activated transcription. Almost all nuclear tDNA genes are 
characterized by internal promoters. Using hybrid tDNA constructs, Ciliberto et al 
[1982] demonstrated that these intragenic control regions (ICR) alone are 
sufficient to direct efficient transcription. Therefore, an expression cassete driven 
by the putative pine tDNAMet-i sequence alone containing the internalized 
promoters is sufficient to direct strong transcript expression in transgenic plants. 
However, studies have shown that the 5' flanking region of several tDNAs may 
modulate transcription in a positive [Schaack et al, 1985; Campbell et al, 1985; 
Arnold & Gross, 1987; Yukawa et al, 2000), or negative [DeFranco et al, 1981; 
Tapping et al, 1993] manner. Therefore, it is necessary to characterize the 5' 
flanking region of the putative pine tDNAMet-i to confirm whether it is needed for 
activated transcription in transformed plants. Hence, many methods were tested 
for the isolation of the 5' flanking region of pine tDNAMet-i. 
4. 1.2.1. Single primer PCR (SP-PCR) of tDNAmet-i 
SP-PCR has three requirements - an internal primer (I) to initiate extension into 
the upstream region, a sequencing primer (S) to sequester the gene-specific 
product and some degree of overlap between the 'known' and 'unknown' regions 
to aid contig mapping (Figure-4.22). 
1---. s__. Known 5' region Unknown 5' region 
---overlap +--1 
figure-4.22. Shows the internal p~m~r (I) an~ealing non-specifi~lly t? both strands of 
the DNA to give an amplicon. In this m~tance 1t ~as annealed to sites !n tht: known and 
unknown regions to give an authentic walk into the un_known 5 . region. Nested 
sequencing primer (S) is used to sequence the_ gene-specific exten~1?n from among 
several false primed amplicons. The overlap region confirms authenticity of the gene-
specific amplicon. 
The application of this method to tDNAMet-i is constrained by the limited size of 
the known sequence, since all three requirements need to be fitted within the 
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short 72 bp tDNAMet-i sequence. The internal primer was therefore, selected from 
the very end (3') of tDNAMet-i (position + 72 to +53). The sequencing primer was 
pushed back as far as possible so that it overlaps the latter by 4 bases which, 
however, should not affect the primer's binding specificity [Kwok et al, 1990]. The 
sequencing primer was designed from position +56 to +37 (Figure-4.8) which still 
leaves a stretch of 36 5' bases for contig mapping. 
The two lines of defence used to authenticate tDNAMet-i_specific amplicons were 
the use of a gene-specific sequencing primer, which seeks out the specific 
extension product, and a sequence overlap at the 5' and 3' ends of the 'known' 
and 'unknown' regions. This overlap is critical in the case of tDNAMet-i since its 5' 
flanking region has no signature sequences except for a shared region of low 
duplex stability around positions -30 to -35 and a CAA triplet in the region of the 
presumed transcription site [Choisne et al, 1997]. Despite these precautions, 
none of the sequence-able SP-PCR products showed any sequence overlap. 
4. 1.2.2. Asymmetric PCR of tDNAmet-i and biotinylated trapping oligomers 
The primers used in ssDNA amplification and trapping (Section 2.8) were 
designed to bias selection towards functional paralogs. Primer-I, 5' 
atcagagtggcgcagcgg 3' contains the 10 bases constituting the A-box (shown in 
bold) and 5' sequences necessary for the stem structure of the tRNA cloverleaf, 
while Primer-II, 5' tatcagagccaggtttcgat 3' contains the amino acid acceptor 
terminus from the 3' OH end and eight of the 11 bases forming the B-box (shown 
in bold). 
The sequence of the putative extension product (Section 3.4.3.2) suggests that 
the 1 oo bp fragment is the amplification product of a tailed 72 bp sstDNAMet-i 
template. The 95°c denaturing step used to denature ssDNA prior to trapping, 
also denatures the large fraction of 72 bp dstDNAMet-i in the A-PCR products; 
during the following annealing step, the coding strands of this fraction compete 
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with ssDNA for binding to the trapping oligonucleotide. It is therefore, possible 
that a majority of the tailed products were either 72 nt, single-stranded tDNAMet-i 
which were tailed at their 3' end, or double-stranded tDNAMet-i (forming an open 
triplex with the trapping oligonucleotide) which were tailed on both strands. 
During subsequent PCR, these tailed 72 bp fragments, are preferentially 
amplified because of their smaller size resulting in the prominent -100 bp 
product. 
This situation could have been avoided by fractionating the A-PCR products 
through hydroxylapatite columns to which, ss nucleic acids bind comparatively 
weakly at lower phosphate concentrations. The authentic tDNAMet-i extension 
product can be amplified from the homopolymer-tailed eluate, using nested-PCR. 
The weak link in the method is homopolymer tailing [Delort et al, 1989]. A 
suitable alternative would be single strand ligation-mediated (SLIC) anchor PCR 
[Edwards et al, 1998] of the ssDNA products, where their 3' end is anchored 
covalently to an oligonucleotide of defined sequence [Tessier et al, 1986]. 
4. 1.2.3. Rapid amplification of genomic ends {RAGE) of tDNAmet-i 
The RAGE protocol (Figure-4.23) is a modification of single-specific primer PCR 
(SSP-PCR) of Shyamala & Ames [1989] and RACE-PCR [Frohman et al, 1989]. 
Plasmid pSK Known 5' gene region I Unknown 5' gene region 
----------4------------cc::>>-------------~ ___. ~ +--
GS1 GS2 PS2 PS1 
Figure-4.22 RAGE protocol. The ring denotes the EcoRI ligation site of the genomic 
fragment and pSK. Nested PCR is performed with GS1 and GS2 nested gene-specific 
primers and PS 1 and PS2 nested plasmid-specific primers. 
The band eluates of pine tDNAmet-i RAGE secondary PCR sequenced poorly 
(Section 3.4.3.3), possibly, due to the eluates containing, instead of a single 
product, several pseudogenes and functional paralogs which had a common 
binding site for the tDNAmet-i_specific sequencing primer. The bands in the 
autoradiograph of primary PCR (Figure-4.12) may represent the different 
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paralogs, whose EcoRI site by which they are ligated to the constant EcoRI site 
of the vector is located at variable distances from the known 5' end of the gene. 
The marked band shift between visible products of primary and secondary nested 
PCRs (Figure-4.11) is too large to be accounted for by the distance differential 
between pairs of nested primers, which is at most around 40-50 bp. This 
suggests that the prominent -200 bp band of secondary PCR is an artifact and 
the authentic tDNAMet-i amplicons are probably located in the 300 bp band and in 
the smear above it. The appearance of a prominent artifact in secondary PCR is 
difficult to explain since nested PCR is designed to eliminate such nonspecific 
amplification. 
These results contrast with the findings of Mizobuchi & Frohman [1993], where a 
single intense band without artifacts was obtained which enabled direct 
sequencing of the PCR reaction; Southern blots of their primary PCR products 
too, gave only a single band. Cormack and Somssich [1997] were able to clone 
500 and 900 bp of promoter regions from Arabidopsis and parsley, respectively, 
using three rounds of PCR in a modified RAGE protocol. Therefore, RAGE 
results of pine tDNAMet-i probably reflect the weakness of this method when 
applied to the analyses of putative multigene families. 
4. 1.2.4. Thermal asymmetric interlaced PCR ITAIL-PCR) of tDNAmet-i 
TAIL-PCR was used succesfully to amplify single-copy sequences in complex 
genomes ranging from A. tha/iana (C=1.15 x 108) to Triticum aestivum 
(C=1.5x1o10) [Liu et al, 1995]. Among most PCR-based methods used for gene 
walking, TAIL-PCR is best suited for simultaneous amplification of more than one 
specific DNA fragment of interest [Liu et al, 1995]. Therefore, the failure of TAIL-
PCR in this study cannot be attributed to the putative multigenic nature of 
tDNAMet-1_ The wrong choice of arbitrary primers was the probable reason for its 
failure to isolate tDNAMet-i sequences. The efficiency of arbitrary primers to 
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amplify specific products ranges from 50-80%, to nil in some cases [Liu et al, 
1995]. 
4. 1.2.5. Enriched small-insert genomic library of tDNAmet..; 
Membrane-bound oligonucleotides (30-40 nt long) have been used successfully 
to capture 250-900 bp long DNA fragments containing complementary 
sequences, from digested and denatured genomic DNA [Karagyozov et al, 1993; 
Edwards et al, 1996]. Therefore, there is a reasonable chance that immobilized 
72 bp tDNAMet-i ligands can also be used to capture tDNAMet-i genomic fragments 
from an enriched small-insert genomic library (Wilkins pers corn.). 
Wheat germ-tRNA (WGT) (Sigma) contains most of the cytosolic tRNAs whose 
sequences are well conserved [Ghosh et al, 1982; Sprinzl et al, 1998]. Therefore, 
blots carrying bound WGT can be expected to capture several pine tDNA 
orthologs. The failure of WGT blots to retrieve tDNA fragments (Section 3.4.3.5) 
could be due to the closed structure assumed by immobolized ligands when they 
are adsorbed to the blot under conditions favouring their native configuration. 
Native tRNAS fold into a compact L-shaped tertiary structure offering at best only 
three, 3-7 nt single stranded regions for hybridization. Therefore, in vitro 
transcribed tRNAMet-i was bound to membranes in the denatured form (in the 
presence of formamide) and used to create new enriched libraries. But none of 
the recovered sequences were related to tDNAMet-i_ Yet, some of these could 
have been tDNAMet-i flanking regions which were not detected during homology 
search because of flanking sequence diversity, or because of too short an 
overlap with the known tDNAMet-i sequence. 
4. 2. Actin gene ActX of pine 
4. 2.1. Northern hybridisation of pine ActX 
The strong signal obtained in pine northern blots probed with ActX cDNA 
(Section 3.5.1) may be the result of closely related transcripts of a putative 
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multigene family hybridizing to the highly conserved ORF of ActX. Therefore, 
these results are not sufficient proof of constitutive expression of ActX, even if 
hybridization was performed under stringent conditions. The gene-specific 
expression of ActX can be demonstrated by differential washing, which was used 
to distinguish functional genes from closely related variants (eg. pseudogenes) 
[Sorenson & Fredrikson, 1991] through a gradual reduction of monovalent 
cations in the washing buffer. But, even then, there is no way of proving that the 
residual signals in a blot are due to a single class of hybrid molecules. 
Therefore, a putative ActX-specific probe was used to probe northern blots. 
Northern hybridization using ActX 3' UTR probe showed that ActX is expressed 
in all tissues tested in this study and that its spatial expression varied by about 
<40-fold. Several globally expressed genes show similar variation in their tissue-
specific expression; the constitutively expressed ActB and Act2 genes of 
A.thaliana show a 2- to16-fold variation in their expression levels compared to 
tissue-specific actin paralogs whose expression vary by an order of magnitude of 
>100 [Hightower & Meagher, 1985; An et al, 1996]. Therefore, ActX appears to 
be a good candidate gene, which merits further investigation 
4. 2.2. RT-PCR of pine ActX 
Although UTR sequences generally tend to be unique, the ActX 3' UTR probe 
used to establish ActX-specific expression (section 3.5.1) shares high homology 
(-90% identity) with the 3' UTR of partially and fully sequenced actin mRNAs of 
related conifers P. taeda and Picea mariana, respectively. If a similar degree of 
identity exist between 3' UTRs of ActX and other pine actin paralogs, it would 
invalidate the findings of northern hybridization using ActX-specific 3' UTR 
probes, since the expression profile can be attributed to more than one gene. 
Allele-specific RT-PCR, similar to differential display used to detect RNA 
polymorphisms, is based on the ability of primers containing mutations at their 3' 
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end to specifically amplify alleles with sites complementary to their 3' end 
[Newton et al, 1989]. The sequences of Actx 3' UTR and the actin UTR 
sequences of P.taeda and P.mariana show polymorphisms due to transversion of 
two upstream and one downstream purine bases, which are separated by -170 
bp. Therefore, allele-specific sense primer 5' gtttttaagttcagtgcttaga 3' and 
antisense primer 5' tctagcaatacaaacacaaatt 3', displaying mismatches at their 3' 
ends to corresponding sequences of P.taeda and P.mariana orthologs were used 
in RT-PCR (Section 3.5.2). Results of RT-PCR appear to support the findings of 
northern hybridisation conducted with the Actx 3' UTR primer. 
However, even the RT-PCR results are not conclusive for several reasons. Well-
to-well temperature differences within the thermocycler block is a common 
source of variation in quantitative PCR; even though the MJ thermocyclers were 
validated using a thermocouple, it would be still desirable to monitor the 
uniformity of the reaction by coamplifying an internal standard like 18S rRNA. 
Secondly, it is questionable whether the temperature profile of RT-PCR was 
adequate to ensure gene-specific amplification. The RT phase of the reaction 
was performed at the permissive temperature of 50°C and therefore, the gene-
specificity of RT-PCR hinges on selective amplification by the sense primer. The 
annealing temperature which defines PCR specificity is predicted using various 
algorithms [Don et al, 1991; Wu et al, 1991; Ausubel et al, 1998] and determined 
by PCR optimization. In optimization reactions using pine DNA, the annealing 
temperature was raised to 55°C without loss in PCR yield. The exact annealing 
temperature, however, could be determined with greater precision by testing a 
battery of primers identical to the sense primer but containing all possible 
permutations of bases at their 3' end, for their ability to amplify a product from 
Actx cDNA (in pB293) at different annealing temperatures. Real time PCR 
systems using bilabelled TaqMan™ probes [Holland et al, 1991], or molecular 
beacons, or the TagMan method [Hobart, 2000] are other options for confirming 
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unique expression of ActX since the proprietary algorithms of these systems are 
able to resolve single nucleotide polymorphisms (SNP) accurately. 
4. 2.3. Isolation of the 5' flanking region of pine ActX by single primer PCR 
The gene walking primers for SP-PCR were designed from the 5' UTR of Actx, 
because of its low homology (<30%) to eukaryotic actins and <75% identity to the 
ortholog in closely related Picea rubens. In addition, locating the primers close to 
the unknown region also helps to maximise new sequence information. 
One advantage of SP-PCR is that the gene-specific extension product can be 
sequenced directly from the PCR reaction; Screaton et al [1993] sequenced 4µ1 
of a 25µ1 reaction with good results. However, when SP-PCR products in this 
study were sequenced they gave a poor read-out. It was thought that the 
concentration of the specific product in the PCR reaction, which could not be 
quantitated (prior to sequencing) because of product heterogeneity, was too low 
for sequencing. The bad sequence read-out can also be due to nonspecific 
annealing of the sequencing primer. However, subsequent experiments failed to 
substantiate these suspicions (Section 3.5.3). 
This led to the speculation that the sequencing primer was confronted by 
extension products of several actin paralogs which contained complementary 
regions. In spite of the remarkable divergence in the the flanking regions of actin 
genes, several conserved sequences still exist. For example, in A.thaliana the 
nontranscribed region (NTR) of Act2 and ActB share >11 blocks of identical 
sequences, each 4-22 bases long and Act1 and Act3 share >14 regions of 4-25 
bases which show absolute sequence identity; similarly, the 5' UTR contains >6 
regions of 3-6 contiguous, identical bases, some of which are separated from one 
another by only 1-2 bases [An et al, 1996], thus providing a suitable template for 
mismatch pairing. It is possible that sequencing primer II was selected from a 
region that was fully or partially conserved in the pine actin paralogs. 
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The failure to sequence DNA extracted from excised bands, or band stabs 
(Section 3.5.3) may be attributed to fragment allelism (amplicons showing size 
homogeneity and sequence heterogeneity) [Reiter, 2001). Some of the cloned 
inserts, which gave good sequences but had no overlap with the known 5' UTR 
sequence of Actx could still be authentic extension products of Actx. The 
absence of an overlap is explained by the presence of an intron in the genomic 
insert, immediately preceding the sequencing primer. Almost all known 
angiosperm actin genes possess a leader intron in their 5' UTR. If it is assumed 
that pine actin genes also harbour split 5' UTRs and if the sequencing primer is 
located immediately downstream of the intron, then the proximal · bases read 
during sequencing belong to those of the intron sequence which are probably 
different to those of the 5' end of Actx cDNA. This would also explain the 
absence of actin signature sequences in the inserts. 
Another possibility is that the insert sequences represent the 5' flanking regions 
of actin pseudogenes. This would explain the absence of conserved TATA sites 
which occur 10-40 bp upstream of multiple transcription start sites and actin 
signature sequences such as pyrimidine-rich regions in the insert sequence. 
4. 2.4. Southern analysis of pine Actx 
In Southern hybridizations performed to verify the single-copy status of Actx, the 
3' UTR probe of ActX cDNA failed to produce any signals (Section 3.2.1 ). The 
restriction enzymes used to digest pine DNA, except Xba/, do not cleave within 
the 31 UTR of Actx cDNA and therefore, all lanes of the blot should exhibit at 
least one hybridizing signal. One possible explanation is that ActX possesses an 
intron in its 31 UTR. However, this is not the case since both pine genomic DNA 
and p8293 (containing Actx cDNA) when amplified with 3' UTR primers gave an 
amplicon of the same size. 
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A Pstl fragment of ActX CDS was then validated as an infonnative probe. 
Because of its high conservation, the exon probe can be expected to hybridize to 
several genomic fragments in the blot. However, it too failed to produce any 
'authentic' signals, possibly because the Pstl ORF fragment was a spliced 
product of two adjacent exons. McDowell et al (1996) proposed a conserved 
structure for angiosperm actin genes, which comprises four exons containing 
codons 1-20, 21-151, 151-355 and 356-377. The Pstl fragment is positioned 
approximately 550-750 bp downstream of the ATG codon and therefore, 
corresponds to codon positions -183-250 which are clear of any intron 
sequences. However, it is still possible that conifer actins do not confom, to the 
angiosperm actin gene structure and that the Pstl fragment of ActX is split by an 
intron. 
4.3. Actin gene Act2 of A.thaliana 
In most eukaryotes, actin is transcribed by multigene families [Baird & Meagher, 
1987; Druoin & Dover, 1990; Thangavelu et al; 1993; Meagher et al, 2000] whose 
CDS differs by only -0.4-12.3% RNS (replacement nucleotide substitution [Li et 
al, 19861). The Act2 ORF likewise, shows 80-92% homology to plant orthologs. 
The intense signals observed in northern blots (Section 3.6.1) is most likely due 
to hybridization with transcripts of several paralogs of a putative pine actin 
multigene family. 
Therefore, the 3' UTR of Act2 was used as a probe to detennine specific Act2 
homolog expression. The 3' UTR probe, which does not contain an intron, unlike 
the 5' UTR, failed to hybridize with pine northern blots. Earlier, attempts to 
produce a pine-specific 3' UTR probe from pine DNA using Act2 3' UTR primers 
also failed to produce an amplicon. The failure of both gene-specific PCR and 
northerns to detect homologous regions in pine DNA and RNA, respectively, 
indicates that Act2 and its putative pine ortholog share little sequence homology 
in their 31 UTR. Subsequent BLAST homology searches showed that the Act2 3' 
UTR indeed showed <30% homology to published plant actin sequences, 
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including those of the 10-member A.thaliana multigene family. it shows <20% 
homology even to the 3' UTR of ActB, which encodes an almost identical protein 
to that of Act2 with only one conservative amino acid difference [An et al, 1996] 
Since exons are more conserved than UTRs, the Act2 ORF was scanned for 
gene-specific regions to design primers for RT-PCR of the pine ortholog; the 
sequence 5' aagattaaggtcgttgcaccacct 3', 150 bp upstream of the TAA codon 
shows sequence divergence from most other Arabidopsis actin genes at every 
silent nucleotide position; however, a second gene-specific primer sequence 
could not be found. The reverse primer used in 3' UTR amplification could be 
used as the second primer, provided it is conserved in pine. However, when pine 
DNA was amplified with the two primers they failed to produce an amplicon 
because either, or both primer sequences were not present in pine DNA. 
4.4. T137 
A genomic probe of T137, comprising its 5' UTR and first exon [An et al, 1996] 
did not give any signals when hybridized with pine northern blots (Section 3.1.1). 
The 5' UTR of T137 spans a 128 bp intron, which may have looped out during 
hybridization to produce a hybrid product of high free energy (low stability) that 
may account for the absence of hybridization signals. 
However, when its cDNA probe was substituted, it too failed to elicit signals in 
northern hybridization. T137 shows only limited homology (-68%) to known 
orthologs. It is possible that angiosperm and gymnosperm T137 homologs share 
low homology. Alternatively, the T137 region selected as probe shows little 
complementarity to the pine ortholog; for instance, when the same primers were 
used to amplify a genomic probe from pine DNA, they failed to produce a PCR 
product which suggests that there are dissimilarities between the putative 
orthologs in the primer regions and possibly in the wider probe region. On the 
other hand, pine may not possess a T137 homolog at all. These reasons provide 
an explanation for the failure of northern assays to produce visible signals. 
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4. 5. Ribosomal protein (RP) genes 
The large subunit of a eukaryotic ribosome such as that of yeast contains a 
single copy of each of the 45 different L-RPs (apart from L7/L 12) [Ramakrishnan 
& White, 1998], which play a vital role in stabilizing the tertiary structure of rRNA 
in the ribosome. Furthermore, the MsRL5 protein has strong homology to the LS 
family of RPs [Asemoto et al, 1994], and AtL 18 to orthologs in several species 
[Baima et al, 1995] Therefore, it is perplexing that no signals were obtained when 
the RP probes were hybridized to pine northern blots (Section 3.1.1 ). 
One possibility is that the pine orthologs of MsRL5 and AtL 18 are cell-specific 
and therefore, their transcript titre was too low to be detected in tissue RNA. 
Stage- or cell-specific expression of RPs has been demonstrated in diverse 
species [Larkin et al, 1989; Zhan & Scoll, 1990; Adams et al, 1992; Stafstrom & 
Sussex, 1992; Bonham-Smith et al, 1992; Williams & Sussex, 1995] leading to 
speculation of functionally distinct ribosome subclasses [Woolford, 1991]. 
Another explanation is that the pine RP orthologs are distantly related to AtL 18 
and MsRL5. Fewer homologies are observed among related RPs of eukaryotes 
[Asemoto et al, 1994; Baima et al, 1994; Goddameir et al, 1996] unlike among 
those of prokaryotes and archae [Woolford, 1991]. When coding regions are 
compared, members of an RP gene family are almost always highly conserved, 
but differ from orthologs in other species [Zhang & Scoll, 1990; Bonham Smith et 
al, 1992; Braun et al, 1993; Cooke et al, 1997]. 
4. 6. Gene for the second largest subunit of RNA Polymerase II (Rpb2) 
It is difficult to explain why this essential gene whose protein product is specific to 
RNA Pol 11 (unlike the smaller Rpbs) was not detected in northern hybridization. 
The most likely reason is sequence heterogeneity between the probe and its 
target. There is little consistency among Rpb2 homologs in their gene structure 
[Sitzler et al, 1991; Huang & Maraia, 2001], TATA box requirements [Falkenburg 
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et al, 1987; Larkin & Guilfoyle, 1993; Sakurai & lshihami, 2001] and coding 
sequence [Falkenburg et al, 1987; Sitzler et al, 1991]. 
A BLAST similarity of Rpb2 orthologs showed that most of the homology resides 
in the 3' half of their CDS between positions 2600-3200 and for this reason, the 
AtRP140 cDNA probe (position -1500-3500 nt of the mRNA) of Larkin & 
Guilfoyle [1993] was used in northern assays. Probably, northern assays of pine 
Rpb2 may have yielded the desired results had RE fragments from the 600 bp 
homologous region, or even oligonucleotides targeted to conserved Rpb2 
functional domains such as nucleotide binding, zinc finger and ribonuclease 
motifs [Ulmasov & Guilfoyle, 1992; Larkin & Guilfoyle, 1993] had been used as 
probes. 
A second possible explanation is that pine Rpb2 produces a low abundance 
mRNA. Microarray analysis of >95,000 genes and ESTs of the human, mouse 
and rat transcriptomes shows that transcript copy numbers of genes range from 
<0.1 to >100 per cell [Lockhart & Winzeler, 2000). Most eukaryotic Rpb genes 
are single-copy genes [Ulmasov et al, 1996] whose mRNA levels may vary by 
several orders of magnitude [Iyer & Struhl, 1996] and bear no relation to their 
protein levels. Using quantitative competitive PCR, Sakurai & lshihami [2001] 
showed that the transcript level of Rpb2 of S.pombe was 40-fold higher than 
those of the low abundance Rpb 1, 3, 7 and 9 genes. However, Rpb2 has a low 
protein-to-mRNA ratio. Conversely, it is possible that a pine Rpb2 of high 





1. AN ENDOGENOUS PROMOTER FOR PINE TRANSFORMATION 
Chapter V Discussion 
Standard breeding methods are based on recombination and segregation of 
entire genomes and lack the specificity to transfer a single desired gene or 
trait alone. Direct gene transfer methods have the potential to do so and 
therefore have special appeal for the improvement of pine, which is a 
predominantly outbred species. 
In plant tranformation, generally, a gene cassette containing a promoter and 
the cDNA of the desired gene (optimized for codon usage) is delivered to 
competent cells of the recipient. Under ideal conditions, the cassette 
integrates into the nuclear genome and is processed along with the other host 
genes to provide the desired gene product. The modular nature of expression 
cassettes allows the promoter and other gene attributes contained within it to 
be tailored to suit the cellular environment of the host species. 
The cassette element which primarily determines transgene expression is the 
promoter; it need not be necessarily native to the introduced gene, or to the 
host species but most importantly, should be recognized by the host's 
transcription machinery. Several heterologous promoters such as the maize 
ADH promoter [Ellis et al, 1987], monocot ABA (absicic acid) inducible 
promoter, cereal ubiquitin promoter [Noury et al, 2000], recombinant pEMU 
promoter [Last et al, 1991] and the promoter of Cauliflower mosaic virus 
(CaMV 35S) [Benfey et al, 1990a] have been tested, or used in pine 
transformation for the past nine years in New Zealand. 
CaMV 35S which has proven to be a very efficient promoter is expressed in 
almost all tissues of many plant species. However, a major concern with 
CaMV 35S promoter is its viral origin. Several pathogenic ssRNA viruses and 
virus-like particles have been isolated from needle washes of gymnosperms 
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and water effluents of pine [Castello et al, 2000]; they have not proved to be 
major pathogens of the crop probably because they are kept in check by host 
resistance mechanisms. The CaMV 35S promoter too, because of its 
pathogen origin is subject to host resistance mechanisms at any stage of the 
transgenic plant's growth [Napoli et al, 1990]; posttranscriptional gene 
silencing represents an ancient antiviral response, similar to RNA interference 
(RNAi) in animals, to protect plants from viral infection [Baulcombe, 2004; 
Ratcliff et al, 2001). Likewise, all heterologous promoters used in pine 
transformation are also open to silencing mechanisms that operate in plants 
against invasive DNA [Henikoff & Comai, 1998; Matzke & Birchler, 2005]. 
Should similar plant responses operate in pine, it could result in inactivation of 
the heterologous promoters used in transformation [Walter, 1997], which 
would pose a major risk to a forestry industry based on transgenic pine. There 
is also the unanswered question on the longevity of heterologous promoters 
currently used in transgenic pines in New Zealand. Thus, a strong pine 
promoter capable of sustained expression is desirable for pine transgenic 
research. 
A pine promoter on the other hand, because it is endogenous to pine has a 
lower probability of being inactivated in transformed pine, provided the site of 
insertion, copy number and orientation with respect to the resident gene are 
optimal. Secondly, the longevity of the selected pine promoter can be 
evaluated even before it is used in pine transformation (by assaying the 
expression of the gene in wild-type pine plants of different ages), thereby 
increasing confidence in the promoter. The aim of this research was to isolate 
desirable pine promoters for use in pine transformation. 
2. CANDIDATE GENES FOR PROMOTER ISOLATION 
Fishing for genes in a complex genome like that of P. radiata is facilitated by 
the availability of pine DNA/RNA sequences. More than 4000 nuclear 
sequences of P. radiata (Monterey pine) and P.taeda (Loblolly pine), mainly 
EST and some genomic and RNA sequences are found at present in 
Genbank accessions [Izquierdo et al, 1997; Mccallum et al, 1997; Bishop et 
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al, 1998; Loopstra et al, 1998; Walden et al, 1999; Arthur, 2001; Jones et al, 
2001]. At the commencement of this study (1996), however, very few pine 
sequences were available in the public domain. Although, marker assisted 
selection (MAS), paternity testing, clonal indexing, genetic engineering and 
phylogenetic studies are widely used in P.radiata, only a few short nuclear 
sequences such as small rDNA genes and simple sequence repeats had 
been published by 1997 [Gorman et al, 1991; Smith & Devey, 1994]. Even 
now, many sequences obtained by high-throughput sequencing at Agri-
Genesis Corporation (New Zealand) and North Carolina State University 
(United States of America) remain locked in private databanks [Wood et al, 
2000; Sederoff et al, 2000; Kirst et al, 2003; Egertsdotter et al, 2004]. 
The availability of even a few pine ESTs would have enabled an early start to 
screening of genes; if these genes later proved to be poor candidates, one of 
several computational methods [Marcotte et al, 1999; Overbeek et al, 1999] 
such as phylogenetic profiling [Pellegrini et al, 1999] can be used to predict 
associated genes for further screening. In the i1tbsence of informative pine 
sequence data, heterologous sequence information was used to screen the 
pine genome or its transcriptome for orthologs with desirable expression 
features. This was done in one of two ways; in the first line of investigation, a 
suitable candidate gene was first isolated from pine, its promoter was 
characterized and the expression profile of the promoter was verified. In the 
second approach, the expression profiles of putative pine orthologs of 
selected heterologous gene candidates were first verified and then promoters 
of the selected pine orthologs were isolated. 
Both approaches have an even chance of detecting desirable genes, although 
the second alternative is a more prudent method. Great care was exercised in 
selecting candidate genes in order to ensure a high probability of success. 
Some of the heterologous candidate genes were single-copy genes 
expressed constitutively in other plant species; their selection was based on 
the premise that their orthologs in pine may also perform in the same way. A 
list of such genes known to be strong expressors in other plants was prepared 
from a literature survey; the list was not extensive since not many single-copy 
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genes had been studied for spatial expression. Candidate genes were also 
selected from putative multi-gene and multi-copy housekeeping genes in the 
belief that one or more of their paralogs will be strongly or constitutively 
expressed. 
The pine SS rDNA paralog 5Spr20 is an example of a gene whose promoter 
was identified using the first approach, where the gene was isolated first and 
the expression of its promoter confirmed subsequently. 
3. 5Spr20 OF PINE 
Several partial sequences of pine SS rDNA were obtained by panning pine 
genomic DNA with immobilized wheat germ tRNA (WGT) ligand (Chapter II, 
section 12.4). This sequence information was used to amplify pine 5S rDNA 
paralogs, from which 5Spr20 was selected for detailed study. This class Ill 
gene is compact, possesses internalized promoters and is probably 
expressed in most cells and is an excellent candidate promoter for selective 
downregulation of pine genes. The application of-class Ill promoters for such 
purposes was first demonstrated by Jennings and Molloy [1987] using the 
adenovirus VA I gene; the gene promoter linked to SV40 antisense 
sequences resulted in transient inhibition of SV40 replicon function by more 
than SO%. 
SS rRNA genes are the most duplicated of all eukaryotic genes; -24,000 
copies of the gene are found in Xenopus and 2000 in H.sapiens [Long & 
Dawid, 1980]. The high gene number is probably indicative of the heavy 
demands placed on it for ribosome biogenesis. Paradoxically, many of these 
genes prove to be pseudogenes. For instance, nearly 1300-1600 of the -2000 
ss rDNA of H.sapiens are known to be pseudogenes, or variants of the 
functional gene [Sorensen & Fredriksen, 1991]. In the oocyte-specific 5S 
rRNA genes of Xenopus laevis, every repeat unit is made up of a functional 
gene alternating with a pseudogene [Long & Dawid, 1980]. Of the 50 unique 
ss rDNA sequences identified in five pine species only seven were found to 
be functional [Liu et al, 2003]. The number of 5S rRNA genes in a haploid 
pine genome is believed to be upwards of 8000 [Moran et al, 1992] and are 
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distributed among six or more homogenous arrays. It is likely that many of 
these genes are non-functional or pseudogenes. It is therefore essential that 
5Spr20 meets the minimal chemical and structural requirements of a 
functional SS rDNA gene [Cloix et al, 2003; Liu et al, 2003]. 
3.1. Functionality of 5Spr20 gene 
The feature that distinguishes functional genes from pseudogenes is their 
biological activity, in other words their ability to produce functional transcripts 
capable of folding into conserved secondary and tertiary structures [Liu et al, 
2003], that provide the domains to interact with ribosomal protein(s) [Fromont-
Racine et al, 2003] and also 'negotiate' between peptidyltransferase and 
elongation factor 2 (eEF-2) binding domains in the 60S ribosome subunit 
[Bogdanov et al, 1995]. Functionality can be tested by in vitro experiments, or 
deduced from the nucleotide sequence. 
3.1.2. Transcriptional ability of 5Spr20 
SS rDNA genes belong to type I group of Pol Ill genes [Willis, 1993] which are 
characterized by three intragenic promoter elements occupying positions +50 
to 64, +67 to 72 and +80 to 90 (Pieler et al, 1987). A comparison with ortholog 
sequences reveals that the 3' half of 5Spr20 which harbours A-, I- and C-
promoter boxes conforms to the consensus sequence of 5S rDNA derived by 
Erdmann et al [1985]. All consensus residues of the promoter and the 



















F _5 1 5S rDNA promoter sequences. Sequence from +50 to +101 of 5Spr20 
c~g~~:r~d 'with the consensus sequence and two plant 5S rDNA sequences. The A-, 
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I- and C-promoter boxes are underlined. Consensus residues are in blue letters. 
a=Appels et al, 1980. b=Cloix et al, 2002. c=Erdmann et al, 1985. 
Since these internal promoters, which alone are sufficient for transcription, are 
highly conserved and since there are no deletions within the coding region 
(Chapter 111, section 3.3.2) it is inferred that 5Spr20 is an active gene capable 
of initiating full-length transcripts. 
3.1.3. Ability of 5Spr20 transcript to form secondary structure 
The model for the universal secondary structure of 5S rRNA proposed by 
Luerhrsen & Fox [1981] has largely remained unaltered over the past 20 
years; the molecule folds over itself to produce five helices (1-V) alternating 
with five single stranded elements which constitute two internal loops (B & E), 
two external loops (C & D) and one junction loop (A) that serves to connect 
helices I, II and V (Figure-5.2). 
. 5 2 s ndary structure of SS rRNA - The 5-helix model. Helical segments Figure- eco d t· · I 
·1 ·d I II Ill IV and V loops as A B C D and E, an non-con 1guous singe-are label e , , , ' ' ' 'L rh & F 1981) 
d f · g a loop as -1 & -2 (adapted from ue rsen ox, . stran s ormm 
. h d r structure of SS rRNA follows ineluctably from the primary The h1g er or e 
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structure of the molecule. Using pa1rw1se comparisons and comparative 
analysis of nine eubacterial and nine eukaryotic sequences, which included 
one plant sequence, MacKay et al [1982] proposed that several key elements 
are critical for eukaryotic SS rRNA secondary structure. The derived RNA 
sequence of 5Spr20 contains almost all of these primary structural 
requirements. 5Spr20 possesses all but one of the absolutely conserved 
nucleotides, 13 of the 14 consensus Pu-Py residues and 11 of the 12 
semiconserved nucleotides (Figure-5.3). 
gggugcgaycauayyagcguua a urc a c c ggaucyc a u yagaayuc 
c g c a uuuaagc gcgcuurrgcuagaguaguac u ggg a u grg ugayc 
uc ccg ggaaguycuaguguyg caccc uc 
Figure-5.3. Secondary structure elements of 5Spr20 RNA. red letters denote 
conserved residues, blue letters consensus nucleotides and italics deviations. 
Later, Barciszewska et al [1985] proposed a slightly different secondary 
structure model for plant SS rRNA based on 12 plant SS rRNA sequences. 
5Spr20 contains 39 of the 40 absolutely conserved residues in the 5-helix 
secondary structure model of plant SS rRNA (Figure-5.4). 
H (I) S (A1) H (II) S (B1) H (II I) 
5Spr20 gggugcgau caua ccagcgu ua aucc a ccgga 
Consensus1 -g-ugcgau caua ccagcac ua --gc a ccgga 
S (C) H (Ill) S (B2) H (II) 
5Spr20 u c c c a u uagaa c uccgcauu uaagc gcgcuugg 
Consensus ucc c a u cagaa c uccg-agu uaa- c gugcuugg 
H (V) S (E1) H (IV) S (0) 
5Spr20 g cuagagu agua cuggg augg g uga 
Consensus g cgagag- agua cua-g augg g uga 
H (IV) S (E2) H (V) H (I) 
5Spr20 c cuc ccg g gaa guccuagu guug cacccuc 
Consensus c c-c -ug g gaa guccu-gu g uugca-----
. 5 4 8 ondary structure elements of 5Spr20. Red letters denote conserved Figure- ec · bi ·t· d ·t 1· . · · th letters consensus nucleotides, dashes vana e pos1 ions an I a 1cs residues, o er 
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deviations. H=helical region s-s·,n I t d d · 1 · d b B . k , - g e s ran e region consensus = Denve y arc1szews a et al [1985]. · 
The D-loop residues, which are conserved in 5Spr20 are thought to be of 
major functional importance. Cross-linking experiments suggest direct 
interaction between residues in the D-loop of SS rRNA and two important 
regions of 25S rRNA, namely, the GTPase associated region involved in EF-
G binding and the peptidyltransferease center [Dechampesme et al, 1999]. 
Since the derived RNA sequence of 5Spr20 contains all the structural features 
absolutely required for folding into the five-helix model it is inferred that the 
pine paralog is a functional gene. 
SS rRNA structures tend to be identical within plant genera and show 
divergences between distantly related taxa. For example, SS rRNA of 
Graminae are identical but differ from those of Solanacea at two positions 
[Barciszewska et al, 1985]. Similarly, 5Spr20 differs from the consensus plant 
sequence at seven positions, five of which are in the helical regions. Changes 
within helices are offset by compensating chang~s [Zhang et al, 2003] and by 
posttranscriptional editing [Szymanski et al, 1995] so that the universal folding 
arrangement is conserved. 
3.2. Antisense potential of 5Spr20 
The antisense vector p5A containing the 5Spr20 promoter-anti gus cassette 
produced efficient suppression of GUS activity when cotransformed with 
expression vector pGUS (containing duplicate CaMV 35S promoter-
gusconstruct); it downregulated GUS expression by as much as 90% 
(Chapter Ill, table-3.2), thereby demonstrating the potential of 5Spr20 
promoter for pine antisense work. 
The antisense effect is in realty a product of two interlinked factors, namely, 
the promoter which is the prerequisite for transcript formation and the 
antisense transcript which effects downregulation, each of which can be 
improved independent of the other to increase their gene downregulation 
efficiency. 
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3·2· 1 · Improving 5Spr20 promoter efficiency 
The effectiveness of the 5Spr20 promoter component can be enhanced in 
several ways. Promoter efficiency may be increased by using multiple tandem 
copies of 5Spr20 promoter in expression cassettes, similar to the use of 
duplicated CaMV 35S promoter in pGUS used as the control in this study. An 
alternative approach would be to construct a composite synthetic promoter 
comprising pine 5S rDNA elements known to activate transcription. Similar 
constructs have been engineered for constitutive expression in monocots 
[Last et al, 1991] and phloem-specific expression in dicots [Heifetz et al, 
2000]; the recombinant pEMU monocot promoter (Last et al, 19911 consists of 
a truncated alcohol dehydrogenase gene (Adh/) promoter to which six copies 
of the maize anaerobic responsive element (ARE) and four copies of 
Agrobacterium tumifaciens octopine synthase enhancer (OCS) have been 
added. The promoter gave a 10- to 50-fold higher expression than CaMV 35S 
promoter. 
A consistent property of most strong/constitutive promoters, as exemplified by 
the CaMV 35S promoter (Chapter I, section 4.2.4) and the cassava vein 
mosaic virus [Verdaguer et al, 1998] is that their sequence consists of several 
cis-acting elements which act combinatorially and synergistically to produce 
activated transcription. Activated transcription in Type-I, Class Ill genes such 
as SS rDNA is not as well understood as in Class II genes [Carey, 1998]. 
However, the ease with which polymerase specificity of some genes can be 
switched from Pol II to Pol Ill [Lobo & Hernandez, 1989], similarities in 
composition of the two polymerase enzymes [Margottini et al, 1991; Woychik 
et al, 1993; Hernandez, 1993; Roeder, 1996], polyadenylation of some 
naturally occuring Pol Ill transcripts [Singh et al, 1985; Kramerov et al, 1990] 
and initiation of transcription at some promoters from a common start site by 
both polymerases [Bentley et al, 1989; Piras et al, 1994] all seem to suggest 
that specificity of pathways of the two gene classes may not be rigorous; 
models of holoenzymes and enhanceosomes developed for the more 
intensively studied Pol II genes may also apply to 5S rRNA genes [Huang & 
Maraia, 2001]. 
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Putative activator binding elements in the 5' flanking region of 5Spr20 can be 
identified by functional studies of promoter deletion constructs, or by 
sequence analyses. An examination of 5Spr20 spacer sequence (Chapter Ill, 
Section 3.3.3.7) failed to reveal any motifs proposed for 5S rDNA genes 
[Sharp & Garcia, 1988; Bredow et al, 1990; Venkateswarlu et al, 1991 ), or 
canonical cis-acting elements of class I & II genes that have been determined 
by functional studies. Sequence analysis using the computer software 
FASTFAC [Quandt et al, 1995) against a database of transcription factor 
binding sites also failed to show any credible putative regulatory regions, 
although two enc motifs at positions - 420 and -417, similar to the GCRI 
binding site (RGCTICCWC) of yeast [Huie et al, 1992), a CTCGT motif at 
position -573, resembling the upstream stimulatory factor (USF) binding site 
(NCACGTGN) of vertebrates and an AGGGGG motif at position - 488 
homologous to the stress response element (STRE) of yeast (TMAGGGGN) 
[Schueller et al, 1992) were identified. Several TF-DNA binding sites listed in 
bioinformatics databases do not have a complete binding energy profile 
[Kotelnikova et al, 2004) and hence the above motifs need to be verified by 
footprinting and mutation analyses. 
These partially homologous putative regulatory elements and other repeat 
elements (Chapter Ill, section 3.3.3.3) and several conserved sequences in 
the flanking region of Pine 5S rDNA paralogs (Chapter Ill, sections 4.2.2.1) 
offer exciting prospects for functional studies to define activator binding sites 
in 5Spr20, which can be incorporated into a synthetic promoter construct. 
There was provision in this study to test only one promoter construct and in 
one type of pine tissue in transient assays (Chapter Ill, section 4.3.2). The 
recombinant 5Spr20 promoter used consists of the CDS containing the 
minimal promoters and the region immediately upstream of it, since the 47 nt 
sequence 5' to the CDS was regarded as a putative cis-acting element 
because of its high conservation (Chapter 111, section 4.3.2). However, this 
may not be the case and omission of the upstream region from p5A may even 
increase its antisense efficiency. 
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Future work should be directed at identifying the upstream regulatory 
elements of 5Spr20 which modulate transcription. Promoter deletion by Ba/31-
, or restriction digestion, or point mutant constructs produced by PCR can be 
evaluated in transient expression studies using both embryogenic 
(undifferentiated) and organogenic (differentiated) tissues. This will not only 
reveal the strength of the mutant promotors, but also their pattern of 
constitutive/spatial expression. 
3.2.2. Improving antisense RNA strand performance 
The second component of the antisense expression cassette which 
determines its success is the antisense strand. The principle underlying 
antisensing has not been established sufficiently to enable a common strategy 
and therefore the antisense component has to be found empirically, similar to 
other homology-dependent gene silencing strategies, on a case by case basis 
with regard to its sequence, length, dosage, propensity for secondary 
structure formation, accessibility to target site and cross-interference with 
nontargeted genes [Bosher & Labouesse, 2000]. Branch [1998] suggests that 
shorter antisense strands are preferred in order to reduce detrimental effects 
which may occur through unintended reaction with nontarget regions; but the 
antisense sequence can not be less than 17 nt since any sequence that is 
< 17 nt long will have a high probability of occurring more than once in the pine 
genome; it is unlikely that a 17 nt sequence will find another perfectly matched 
template(1/417 = 1.7x10-10) in the pine genome (1C=1.1x1010bp), assuming 
random distribution of bases. 
3.3 Ability of 5Spr20 promoter to generate translatable RNA 
Eukaryotic mRNA is believed to be synthesized in vivo exclusively by Pol II. 
Such specialization with respect to RNA products and functional limitations 
may have arisen as a result of specific characteristics of polymerses such as 
intranuclear compartmentalization of Pol I within the nucleolus which denies 
mRNA processing proteins access to transcripts and the tendency of Pol Ill to 
terminate transcription in runs of thymidine residues, or limitations imposed by 
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transcript properties such as the m7 GpppN 5' terminal cap, or mere 
perpetuation of some archaic properties. 
Several authors have investigated the production of functional polypeptides 
encoded by polymerases other than Pol II. Fleischer and Grummt [1983] 
demonstrated competence of Pol I transcripts to support a-amanitin 
insensitive protein synthesis. Their findings were questioned by Lopata et al 
[1986] who found that transcripts initiated at the Pol I initiation site were not 
polysome attached, suggesting that protein expression was due to a cryptic 
Pol II promoter. Similarly, functional J3-globin and thymidine kinase transcripts 
were generated by pol Ill [Carlson & Ross, 1984; Lewis & Manley, 1986] but 
the conclusions were held in dispute by Sisodia et al [1987]. More recently, 
Gunnery and Mathews [1995] used Pol Ill promoter of adenovirus type-2 VA 
RNA1 gene to generate polysome associated HIV type-1 tat transcripts which 
gave rise to TAT proteins, in vivo. 
The expression vector p5s containing the gus ORF preceded by a consensus 
ribosome binding context and placed downstream of the 5Spr20 promoter 
produced very low levels of GUS expression compared to pGUS (Chapter Ill, 
table-3.2). The results, though were not totally unexpected. 
But, high transcript levels accompanied by low protein expression indicates 
inefficient post-transcriptional processing of 5Spr20 sense transcripts. In the 
absence of corroborating evidence, we can only speculate on possible 
reasons. 
3.3.1. Nucleolar localization of 5Spr20-gus transcripts 
Studies on ribosome biogenesis show that soon after synthesis, SS rRNA 
transcripts in the nucleoplasm become transiently bound to La antigen, which 
acts in the termination of Pol Ill transcripts and then to a large (L) ribosomal 
protein (L5 in mammals and L 1 in yeast) [Fremont-Racine et al, 2003]. This 
SS RNP complex ('third ribosomal subunit'), directed by the nucleolar 
targeting signals (nts) located at the N- and C-termini of LS migrates to the 
nucleolus [Rosorius et al, 2000], the site of major rRNA synthesis and 
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ribosomal subunit assembly where it is incorporated into the 60S subunit. This 
association is the signal for export of the ribosome subunit to the cytoplasm 
[Deshmuk et al, 1993; Marai, 2001]. 
Transcripts encoded by p5S are chimeras consisting of SS coding region (SS 
rRNA) followed by gus RNA. It is speculated that the gus segment of the 
transcript (which includes the terminator-UUU extension of the primary 
transcript which provides the signal for La binding) complexes with 
La/ribosomal protein and is transported to the nucleolus. The chimeric SS 
rRNA, however, is unable to assume the precise folded position in the 
ribosome because of steric hindrance of the gus sequence. Presumably, the 
aberrant folding prevents nuclear export signals (NES) such as the those 
which reside in the central region of LS [Rosorius et al, 2000] from being 
recognized by putative exportins [Mattaj & Englmeier, 1998], or prevents the 
nuclear import signals of one or several ribosomal proteins from being 
covered up on assembly of the ribosomal subunit to prevent their recognition 
by the import machinery; this would result in the transcripts being confined to 
the nucleus and subsequently these may become the target of RNA 
surveillance mechanisms similar to nonsense mediated mRNA decay 
[Nazarenus et al, 2005]. Examples of nuclear localized transcripts are found in 
a hox-1.3 homeobox and a p55 11-2 receptor gene, whose transcripts have an 
AUG-burdened 5' UTR [in Kozak, 1989]. 
The majority of the sense-gus transcripts amplified from p5S transformed cells 
by RT-PCR (Chapter Ill, figure-3.30) are probably the nuclear confined gus, 
since RT-PCR does not distinguish between cytoplasmic and nuclear 
transcripts (unlike nuclear run off assays). The low, but significant GUS 
expression in p5S treatment (Chapter Ill, table-3.2) can be explained by 
'leaky' export of transcripts to the cytoplasm. The Pol Ill encoded tat 
transcripts of Gunnery and Mathews [1995] which gave rise to TAT proteins 
are also chimeric structures (containing the adenovirus VA RNA forward of 
the tat sequence) but they differ from the 5Spr20-gus chimera in that their 
export to the cytoplasm is not ribosome-dependent. 
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3.3.2. Inhibition of translation initiation 
Alternatively, the chimeric transcript may have been exported to the 
cytoplasm, in a manner analogous to the nucleocytoplasmic transit of excess 
5S rRNA transcripts in non-ribosomal 7S RNP particles during vitellogenesis 
in Xenopus oocytes [Dechampesme et al, 1999], but was poorly translated. 
According to the linear scanning model of translation initiation [Kozak, 2004], 
the 43S initiation complex which includes the small ribosomal subunit binds 
at, or near the 5' cap end of mRNA and scans the sequence for the first AUG 
codon in an optimal context ('Kozak sequence') where it is joined by the 60S 
subunit to initiate translation. In 90% of eukaryotic mRNAs examined the AUG 
closest to the 5'm7G cap is the initiating AUG [Merrick, 2004]. However, the 
model allows for ribosomes to reinitiate translation at a downstream AUG 
codon of a second ORF [Putterill & Gardner, 1989; Merrick, 2004] or by 
backscanning upto 50 nt [Peabody et al, 1986] subsequent to initial translation 
termination. 
Several features in the chimeric gus transcript -can inhibit cap-dependent 
translation, which accounts for 75-90% of eukaryotic translation initiation 
[Merrick, 2004]. Absence of a cap structure and the presence of strong 
secondary formation in its GC rich 5' UTR (which in this case is the 5S rRNA -
see Figure-5.2) mitigate vectorial scanning by ribosomes [Kozak, 1991]; the 
scanning mechanism is able to unwind secondary structures of low stability (-
30 kcal mor1) but is blocked by more stable structures (-60 kcal mor1) 
[Gunnery et al, 1997]. In addition, ribosome binding at the ribosomal binding 
site just upstream of gus ORF could be negatively affected by two AUG 
codons present in the 5' UTR (at positions +23 and +83 of 5S rRNA); Gunnery 
and Matthews [1995] have suggested that ribosomes may bind to uncapped 
mRNA in a random fashion and migrate to the nearest AUG where they 
initiate translation. 
Alternative models for ribosome binding [Sonnenberg, 1993] (Figure-5.5), 
which may not necessarily be mutually exclusive for a given mRNA allow for 
ribosome bypass ('shunt') of a segment of the 5' UTR [Futterer et al, 1993], or 
cap-independent internal ribosome entry (IRE) [Oh et al, 1992; Kozak 2003]. 
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Figure-5.5. Alternative models for ribosomal binding. A. 5' end dependant scanning 
B. Internal binding C. Ribosome shunt (adapted from Sonnenburg [1993] 
Evidently, these mechanisms which help ribosomes to skip the extensive 
secondary structure of the 5' leader sequence, or bind directly to the 
ribosomal binding context of gus did not operate in the case of 5S-gus 
transcripts. 
Although only two possible reasons have been discussed for GUS attenuation 
in p5S treatment, several other mechanisms such as repressor binding at the 
5' UTR [Klausner, 1993), lack of CAP and 3' sequence synergy required for 
closed-loop initiation [Gallie, 1993; Kozak, 2004), nonbinding of mRNA 
binding proteins [Svitkin, 1996), competition for limited initiation factors such 
as eLF-4E [Merrick, 2004) and controls at various post-translational stages 
may have contributed to low GUS expression. 
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3.4. 5Spr20-driven gene downrequlation in stable transformants 
The results of stable expression studies appear to confirm the findings of 
transient expression studies and suggest that 5Spr20 promoter is capable of 
driving sustained and efficient gene downregulation when stably transformed 
in plants. These observations are, however, preliminary since the 
interpretation of stable expression results is complicated by factors such as 
transgene copy number, gene orientation, expression cassette integrity and 
transgene insertion site. Nevertheless, the results augur well for a role for 
5Spr20 promoter in gene downregulation applications. What is required 
though, are more intensive trials where the silencing effect is studied in 
relation to the factors mentioned above so that an accurate conclusion can be 
drawn. Secondly, only eight transformants were studied in the present study. 
A bigger population should be analysed to improve confidence in the results. 
And most importantly, the accumulation of target-specific siRNA in silenced 
plants, the hallmark of PTGS/RNAi silencing [Zhou et al, 2004) should be 
demonstrated. 
The stable expression experiment also shows that shRNA constructs, used 
exclusively in mammalian systems, perform equally well in plants. The 
absolute silencing obtained in N. benthamiana with the 5Spr20-shRNA 
construct is similar to the total silencing of GFP obtained with a Pol Ill H1 
promoter driven shRNA silencing cassette in transgenic mice and rats 
[Hasuwa et al, 2002]. Likewise, the silencing effect of 5Spr20-shRNA 
construct is on par with that of CaMV 35S-driven ihpRNA constructs targeting 
PVY infection in tobacco [Smith et al, 2000), ethylene signalling (EIN2) and 
flower repression (FLC1) genes in Arabidopsis [Wesley et al, 2001] and gus in 
tobacco [Lo et al, 2005]. The only drawback is that shRNA constructs do not 
present several putative siRNA targets as do the longer hpRNA constructs. 
However, this is over-ridden by the fact that shRNA construction requires less 
time and is far more easier than standard ihpRNA constructs. 
It would be useful to know whether the silencing caused by 5Spr20-shRNA 
was due to siRNA directed-mRNA cleavage, translational suppression [Lo et 
178 
Chapter V Discussion 
al, 2005] or methylation [Jones et al, 2001 ;Tang, 2005], or a combination of 
all. 
The 5Spr20 promoter is eminently suited for two areas of pine research. 
Firstly, it can be used to downregulate specific genes/traits which results in 
improved crop performance or value-added produce; several areas of pine 
physiology research such as flower induction and lignin biosynthesis are 
prime targets for gene silencing. Pine uses about 10% of its carbon resources 
for cone (flower) production [Walden et al, 1997]; this energy can be diverted 
to vegetative growth by downregulating flower production. Flowering is 
determined by the expression of several floral meristem-identity genes and 
inactivation or co-suppression (by overexpression) of these genes can 
reverse these developmental switches [Busch et al, 1999]. Weigel & Nilsson 
[1995] used CaMV 35S promoter to ectopically express the primary flower-
meristem-identity gene lfy (leafy) in diverse plants; strong and constitutive 
expression of the gene resulted in precocious flowering through 
overexpression. Such developmental switches are amenable to transcriptional 
silencing since naturally occuring lfy mutants· result in loss-of-function 
phenotypes (Huala & Sussex, 1992). Similarly, pine timber quality which is 
determined by the ratio of syringyl:coniferyl monomers in lignin can be 
manipulated to produce designer-wood, by altering enzyme activity in the 
phenyl-propanoid pathway. 
The biggest impact of 5Spr20 promoter on pine research will be in the area of 
functional genomics. The ultimate goal of current genome projects is to 
identify the biological function of every gene in the genome. Reverse genetics 
has emerged as the method of choice to elucidate the role of specific proteins 
in an organism. Loss-of-function studies have employed a plethora of 
techniques such as homologous recombination, insertion and transposon 
mutation, antisensing, cosuppression and chimeraplasty. Homologous 
recombination gives predictable targeted gene replacement in prokaryotes, 
moss and yeast, but is not suitable for plants where DNA integrates mainly via 
illegitimate recombination in an undirected sequence independent manner 
[Puchta, 2002]. lnsertional mutations and transposable elements are used in 
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large-scale analyses of yeast genome [Wesley et al, 2001]. However, they 
require vast resources; in order to have a 90% chance of finding just one 
specific gene of 1 kb in Arabidopsis using T-DNA insertional mutagenesis 
would require the generation of about 350,000 independent transformants 
[Krysan et al, 1999]. Antisensing has the dubious distinction of being 
inconsistent [Helliwell & Waterhouse, 2003] and antisense and cosuppression 
constructs usually result in only a modest proportion of silenced individuals 
[Wesley et al, 2001]. 
In this respect, 5Spr20 promoter-driven PTGS/RNAi-mediated targeted 
gene knockouts hold great promise for the study of pine gene function by 
loss-of function. It provides consistent and very high-level of gene silencing, 
while still allowing a low but detectable heterogenous level of silencing 
within the transformed population which is useful in gene function studies 
[Wesley et al, 2001]. In Caenorhabditis elegans RNAi has led the way in 
functional genomics of virtually all of its 19,000 genes [Dykxhoorn, et al, 
2003]. 
Thus a 5Spr20 promoter-shRNA construct will prove to be a useful tool in 
basic and applied pine research. 
4. SCREENING FOR PINE ORTHOLOGS OF OTHER CANDIDATE GENES 
4.1. Expression profile validation 
A different rationale was adopted to investigate candidate genes tDNA Met-1, 
Actx, Act2, the two ribosomal protein genes, T137 and RNA Pol II subunit 
gene (Chapter IV, section 1.1 ). In this instance, the expression profiles of 
putative pine orthologs were validated before attempting to clone their genes 
and promoters. Northern hybridisation was used in preference to RT-PCR in 
expression screening on account of likely sequence differences between 
candidate genes and their pine orthologs. 
None of the single-copy candidate genes had published orthologs in plant 
species and sequence homologies with orthologs in other eukaryotic groups 
ranged from 70% to less than 50%. For instance, the only ortholog sequences 
available for the candidate gene AtL 18 were L 18 sequences of rat, human 
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and Xenopus; a multiple alignment of these sequences provide at best, 
primers (21nt) with a 48-fold degeneracy for RT-PCR. Under such 
circumstances, Northern probes are better suited to detect micro-homologies 
than the shorter primers used in RT-PCR even though the latter assay is a 
1 OOO-fold more sensitive than Northern assays [Veres et al, 1987; Hamoui et 
a/, 1994]. 
In the case of multi-copy candidate genes such as tDNA Met-I and actin, 
sufficient sequence information exists which enabled conserved or gene-
specific probes or primers to be used in Northern and RT-PCR analyses. 
Several reasons can be advanced to explain why the expression pattern of 
several pine orthologs could not be determined using heterologous 
probes/primers of single-copy candidate genes; sequence hetrogeneity of the 
probes (Chapter IV, sections 4.4, 4.5 & 4.6), primer selection from 
nonhomologous regions (Chapter IV, sections 4.4 & 4.6), cell-specific 
expression (Chapter IV, section 4.5) and low transcript copy number (Chapter 
IV, sections 4.5 & 4.6) are some of the possible reasons. 
4.3. Gene isolation 
Following expression profile validation, two candidate genes namely, tDNA 
Met-I and ActX were selected for promoter isolation (Chapter IV, sections 
3.4.2., 3.5.3.), which can be approached in one of several ways. Library 
construction is the method of choice. However, PCR-based methods were 
preferred for several reasons. 
4.3.1. Genomic/subgenomic libraries 
The traditional method of gene isolation is by library construction where the 
genome is subcloned as discrete fragments in individual bacterial or 
bacteriophage clones and screened for genes, using specific or highly 
degenerate probes/primers. This method was not considered in view of the 
complexity of pine genome. 
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The ability of a genomic library to represent the entire genome depends 
primarily on the size of the unamplified library. Assuming that all genomic 
fragments can be cloned in the library vector, the minimum library titre (N) 
required to represent a cloned genome is given by, 
N = Log (1-p)/Log (1-1/G) 
where p = probability, I = genomic insert size and G = genome size [Clark & 
Carbon, 1976]. A haploid copy of pine genome is 11.1 pg [Miksche, 1985] or, 
(11.1x10-12g) (6x1023)/660 da = -10-10 bp 
Using a standard ').., phage vector and genomic inserts of -20 kb, a library titre 
of 2.4 x 106 pfu is required to capture a single-copy gene with 99% probability. 
Construction of a library of this size is not an easy task and screening of this 
library by PCR or hybridization would be time-consuming. If a library was 
available in the public domain it could have been used for gene isolation, but, 
no research laboratory has so far succeeded in creating a quality pine library 
[Gorman et al, 1992]. 
Genomic libraries are also beset with the problem of unclonable fragments so 
that a high titre library may still not contain a gene of interest. In addition, 
genes captured in slow growing library clones can be lost during library 
amplification. 
A major consideration in not opting for a genomic library was because the 
only nucleic acid detection system available was the DIG system (see below), 
since the premises where the research was conducted for the first two years 
did not have a radioactive-user license. For these reasons the genomic library 
option was not considered. 
A subgenomic library constructed from enriched genomic fragments may help 
to circumvent the need for library titres of the order of 106 pfu. But, this option 
was also not taken because of the sensitivity of the DNA labelling and 
detection system. The DIG detection system did not appear to be particularly 
sensitive for pine Southern hybridisation (and maybe for DNA hybridisation in 
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general); when a pine Southern blot which hybridized very strongly to a 32P-
labeled RFLP probe in a different laboratory was probed with the same probe 
labelled with DIG, in our hands, the signals obtained were extremely weak. 
4.3.2. PCR-based methods 
PCR-based methods have practically eliminated the need for library 
construction in gene expression studies [Frohman et al, 1988; Ohara et al, 
1989]. Similarly, several variants of PCR have been used succesfully to 
capture promoter sequences and other regulatory elements from unknown 
regions ranging from a few 100 bases [Rudi et al, 1999) to several kilobases 
[Jones & Winistorfer, 1997] flanking the transcribed region of genes, eg. 
Inverse PCR [Ochman et al, 1988), ligation-mediated single-sided PCR [Fors 
et al, 1990), biotin-RAGE PCR [Bloomquist et al, 1992), targeted inverted 
repeat amplification [Jones & Winistorfer, 1993), supported PCR [Rudenko et 
al, 1993), adapter-ligated PCR [Seibert et al, 1995), RAGE [Cormack & 
Somssich, 1997), panhandle PCR [Jones & Winistorfer, 1997), multiplex 
restriction site PCR [Weber et al, 1998) or restriction cutting independent PCR 
[Rudi et al, 1999), 
Because of its sensitivity, PCR is well suited for investigating complex 
genomes. Enrichment of amplicons using biotin-streptavidin bridges, nested 
primers and anchored primers often produce the target molecule in a form 
suitable for direct sequencing. Therefore, PCR-based methods were used for 
walking into the promoter regions of pine tDNAmet-i and Act><. 
5. tDNAmet-i 
In the case of pine actin gene Act)( and the class Ill pine gene tDNAMet-i, both 
of which probably belong to putative multigene families, the promoter region 
could not be recovered by any of the PCR methods tested. The experience 
with tDNAMet-i exemplifies the complications in applying PCR-based gene 
walking methods to genes of multigene superfamilies whose known coding 
region is highly conserved. 
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tDNAmet-i was selected as a candidate gene for two reasons. Firstly, because 
it is constitutively expressed in all plant tissues [Sharp et al, 1985] where its 
transcripts are required in the initiation complex for binding of the smaller 
ribosomal subunit to mRNA; aminoacyl-tRNAmet-i is the only species that can 
enter the partial P site of 40S ribosomal subunit and recognize the AUG 
codon to initiate eukaryote translation. Secondly, antisense coding sequences 
attached to and transcribed by tDNAmet-i exert a strong suppressor effect as 
was demonstrated in antisense experiments of Bourque and Folk (1992] who 
showed that a soybean tDNAmet-i promoter elicited a 5-fold higher reduction of 
reporter gene expression than CaMV 35S promoter in carrot cells. Similarly, a 
chimaeric human tDNAMet-i fused to antisense templates inhibited replication 
of Moloney murine leukemia virus by 97% in mouse cells [Sullenger et al, 
1990a] and HIV-1 virus by 99% in human cells [Sullenger et al, 1990b]. 
Further Choisne et al (1997] demonstrated that tDNAs producing suppressor 
tRNAs were very efficient in transactivating genes containing premature stop 
codons; a gus gene inactivated by a premature amber stop codon in 
transgenic tobacco was activated by introduction of a modified tDNA(Leu) 
expressing a strong amber suppressor tRNA. 
5.1. Promoter isolation by PCR 
Pine tDNAmet-i was amplified using primers from the highly conserved 5' and 3' 
ends of the gene (Chapter IV, Section 3.4.2) and was found to be identical to 
homologs in other species [Palmer & Folk, 1987; Akama & Tanifuji, 1989]. 
The amplicon contains the internalized split-promoters, and these alone are 
sufficient for transcription [Ciliberto et al, 1982] and therefore could be tested 
directly in transformation studies. 
However, the 5' flanking region of many tDNAs is known to exert a modulatory 
effect on transcription and its re-initiation [DeFranco et al, 1981; Larson et al, 
1983; Schaack et al, 1984; Campbell et al, 1985; Arnold & Gross, 1987; 
Yukawa et al, 2000]. Ulmasov & Folk (1995] using point mutations and 
deletions showed that replacing the naturally occuring 5' upstream sequences 
negatively modulated tDNA Trp expression. The succesful antisense 
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suppression of CAT activity using tDNAMet-i promoter by Bourque and Folk 
[1992] was probably due to the inclusion of 580 bp of 5' flanking region with 
tRNAMet-i gene in the expression cassette. Thus, the composition of a tDNAmet-
; 'promoter' would depend on whether its upstream region is required for 
activated transcription. 
The PCR-based methods used to isolate the upstream region of pine tDNAmet-
; (Chapter IV, sections 3.4.3.1-3.4.3.4) rely on a gene-specific ('sequencing' or 
'specific') primer located in the 3' half of gene to read into (as in SP-PCR) or 
amplify (as in RAGE and TAIL-PCR) the coding strand past the known 5' end 
of the gene. The sense strands of these extension products extend from a 
point upstream of the gene, primed by a vector-/arbitrary-/internal primer to 
the 3' half of the gene (or even beyond, if the internal primer in SP-PCR binds 
in the downstream region). The gene-specific primer was intentionally 
positioned 36 bases internal to the 5' end of the gene to provide a sequence 
overlap between authentic extension products and the gene. None of the 
sequenced amplicons possessed this overlap region. 
If pine tDNAmet-i is a putative single-copy gene at least some, if not most, of 
the extension amplicons barring those produced by false priming sites (in SP-
PCR) or by nonspecific amplification (TAIL-PCR) should give sequence 
readouts extending from the overlap region into the unknown 5' region. The 
absence of authentic PCR 5' extension amplicons suggests that the 
sequencing primer was overwhelmed by extension sequences bearing partial 
homology to pine tDNAmet-i. This is supported by observations made during 
SP-PCR optimization (Chapter IV, section 4.3.1) where amplification occured 
freely at annealing temperatures of <52°C which is in contrast to the findings 
of Screaton et al [1993]. Therefore, it is possible that there are many tDNAmet-t 
or tDNAmet-i_like genes in the pine genome. 
The tDNA genes are one of the most redundant of nuclear genes; their RNAs 
which act as the aminoacyl carriers of 20 standard amino acids and other rare 
ones (desmodsine, etc) are represented by >1300 tDNA genes in H.sapiens 
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and >1150 genes in Xenopus [Long & Dawid, 1980]. In most plants, tRNA 
genes exist as multigene families [Beier et al, 1991]. Sequences of several 
tRNA-hybridizing genomic regions reveal the occurance of pseudogenes 
(denoted by the symbol lP) intermingled with authentic genes. 
A likely scenario for pine tDNAmet-i is that it constitutes a multigene family 
where single- or oligo-copy functional genes exist along with a large number 
of pseudogenes in a situation analogous to the -2000 human SS rRNA genes 
(another class Ill gene) where three out of every four genes are pseudogenes 
[Sorenson & Fredriksen, 1991]. Pseudogenes may consist of either a partial 
sequence of a corresponding tRNA structure, or a complete tDNA sequence 
showing sequence heterogeneity [Sharp et al, 1981; Koski & Clarkson, 1982]. 
Green and Weil [1989] identified a cluster of four potentially functional tDNAPro 
genes and two pseudogenes ( lJ1 and 'P2.) in a 5.5 kb fragment of bean 
nuclear DNA; 'P2. lacked the entire 5' half (nucleotides 1-36) of functional 
genes and contained several nucleotide substitutions and deletions. 'P 
tDNATyr of Nicotiana rustica on the other hand,- corresponds to the 5' 37 
nucleotides of the coding sequence and contains three point deletions and 
one substitution [Fuchs et al, 1992]. In other instances, differences between 
pseudogenes and active genes are subtle; 'P tDNALeu of beans differs from 
wild-type gene by a single T insertion in the B-box internal promoter 
[Ramamonjisoa et al, 1998]. 
It is postulated that most of the pine tDNAmet-i pseudogenes probably show 
greater complementarity to the 3'- rather than 5' end of the functional gene 
and priming by the internal primer at several 3' ends masks the identity of the 
functional gene. When primers (forward and reverse) complementary to 5' and 
3' ends of pine tDNAmet-i are used together in standard PCR, they amplify a 
uniform product from genomic DNA because functional copies (if more than 
one) are identical and pseudogenes lacking parts of 3' and/or 5' ends are not 
amplified. In the absence of the gene-specific forward primer (as in gene-
walking PCR) preferential amplification of authentic gene(s) ceases and the 
reverse primer is free to initiate strands from 3' ends of functional and 
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pseudogenes alike. This would result in the generation of several 
heterogeneous amplicons. The sequencing primer used to read into the 5' 
region, which by necessity was selected from the 3' half of the noncoding 
strand would bind to most of these amplicons because of its complementarity 
to their 3' region. As a result, the probability of detecting functional tDNAmet-i 
gene sequences is greatly reduced. A large number of amplicons may have to 
be sequenced in order to find the authentic extension product. The large 
number of pseudogenes would also explain the failure of enriched small-insert 
libraries to capture authentic tDNAMet-i genes (Chapter IV, section 3.4.3.5). 
In the case of single primer- and TAIL PCR, the effect is further compounded 
by partial complementarity between 5' and 3' ends of tDNAmet-i gene. The 
sequence of most tRNAs show several inverted repeats which account for the 
canonical secondary structure of tRNAs which consists of 4-5 stem structures 
showing typical Watson-Crick and G-U pairing (Figure-5.6). 




Figure-5.6. The secondary structure model of tRNA (adapted from Kahl, 1995). 
Shows complentary base pairing of 5' and 3' ends. 
The stalk of the 'clover-leaf is formed by base pairing of the 5' and 3' ends of 
the sequence. The sequence of pine tDNAmet-i (Chapter IV, section 3.4.2), 
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likewise, shows strict complementarity between bases constituting its ends 
(bases 1-7 and 65-71). When sub-optimal annealing temperatures are used to 
encourage mispriming as in single primer- and TAIL PCR, the imperfectly 
complementary 3' site of the noncoding strand forms a second strong focus 
for reverse ('internal) primer binding and extension (probably by bubble 
formation) in the opposite direction into the 3' flanking region. 
In retrospect, the 'sequencing' or 'specific' primer could have been designed 
from the 5' end of pine tDNAmet-i_ This would limit amplification (or 'reading') 
and hence, screening to authentic genes and pseudogenes which contain 
both the 3' and 5' ends of functional genes. The problem with this approach is 
that the sequence readout will be into a region with no signature or conserved 
sequences. With no contig formation with the known 5' end of tDNAmet-i, 
further evidence may be needed to show that it is part of the functional gene. 
Such proof may be obtained by using the reverse primer of tDNAmet-i with a 
primer designed from the 5' end of the PCR amplified putative flanking region 
to amplify a genomic sequence showing continuation of the gene into its 
flanking sequence. 
Another way would be to divide the PCR products resulting from these gene-
walking methods, which are mini-libraries in their own right, into fractions and 
test aliquots of these for the presence of tDNAmet-i by PCR. Fractions deemed 
to contain the known coding sequence can be transformed into an enriched 
library and screening continued till a clone containing the authentic product is 
detected. 
The various PCR-based gene walking methods are not necessarily universal 
in their application and their success is dependent on the nature of the 
isolated gene. When dealing with putative multigene families containing many 
pseudogenes or gene look-alikes, methods employing stringent conditions 
may have a higher success rate in identifying the authentic gene. The RAGE 
protocol used in this study (Chapter IV, section 3.4.3.3) could have been 
tested at higher annealing temperatures by using longer primers; other 
restriction enzymes which gave a reasonable level of DNA digestion could 
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have been also tested. Another method worthy of consideration would have 
been that of Siebert et al [1995] which uses a very high annealing 
temperature for its 'suppression PCR' effect and has given good results with a 
variety of genomes. 
Further attempts at tDNAmet-i isolation would be justified if its copy-status can 
be established. Southern hybridization of pine genomic DNA with the tDNAmet-i 
probe failed to reveal the copy status of the gene (Chapter IV, section 3.5.4); 
neither is the copy number known in other plant species. Pine tDNAmet-i gene 
could be a single- copy gene such as tDNALeu of Phaseo/us vulgaris [Green et 
al, 1987], tDNAAta of A.thaliana [Akama & Tanifuji, 1990] and tDNAThr of beans 
[Ramamonjisoa et al, 1998]. Or, it could be an oligo- or multicopy gene like 
most other tDNA genes. The failure of Southerns to detect putative multiple 
gene copies is explained by the dispersed nature of plant tRNA genes; most 
plant tDNAs including tDNAmet-i occur as individual genes on large DNA 
fragments of up to 14 kb [Bawnick et al, 1983; Waldron et al, 1985; Palmer & 
Folk, 1987; Reddy & Padyatta, 1988; Akama & Tanifuji, 1990; Beier et al, 
1991]. 
If pine tDNAmet-i is a putative multicopy gene, the strong constitutive 
expression observed in expression studies (Chapter IV, Section 3.4.1) may 
be due to spatial and temporal expression of different members of the 
family, or differential expression of two or more paralogs, or even strong 
constitutive expression of one or more paralogs similar to Act2 and ActB of 
the 10-member actin superfamily of A.thaliana. The expression of individual 
tDNAmet-i species can be resolved by using sequence-specific probes 
unique to individual tRNAmet-i. lntrons have been used as gene-specific 
probe in in situ hybridization to detect intron-containing pre-tRNA [Bertrand 
et al, 1998] or excised introns [O'Connor & Peebles, 1991] but are not 
applicable to pine tDNAmet-i since it is intron-free. One can also use 5' 
leader and 3' trailer sequence information of tRNA precursors to develop 
gene-specific probes; tRNAs are transcribed as a longer pre-tRNA from 
which 5' and 3' precursor sequences are removed by endonucleolytic 
cleavage during biogenesis of mature tRNA. A review of several clustered 
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and dispersed tRNA families [Green & Weil, 1989; Fuchs et al, 1992], 
however, reveals that these regions which number only a few bases in 
length and much smaller than those found in class II genes show little 
variation among the paralogs and therefore cannot be used to discriminate 
members of a family. 
Probably the use of real-time PCR, using various concentrations of pine 
nuclear DNA and PCR amplified tDNAmet-i as standards at different 
stringencies would help to clarify the copy status of authentic pine tDNAmet-i 
and its pseudogenes. 
6. THE IDEAL PINE PROMOTER 
The study identified a promising endogenous promoter in 5Spr20, which may 
be an excellent candidate for gene downregulation applications in pine. It 
gave superior silencing of gus reporter expression by antisensing during the 
transient expression stage in undifferentiated, primordial, embryogenic pine 
cells (equivalent to mammalian stem cells) and by dsRNA-mediated silencing 
during stable expression in N. benthamiana. Similar to other model plants 
such as Arabidopsis and tobacco, N. benthamiana often faithfully reproduces 
the transformation effects in target plant species. However, these preliminary 
findings still need to be verified in pine transformants for at least a two year 
cycle. 
5Spr20 has the added advantage of belonging to a multi-copy gene family 
(-44 copies) in pine. Therefore, the addition of one or more 5Spr20 transgene 
copies to the pine genome has a very low probability of triggering transgene 
silencing resulting from repeat induced silencing (RITS). 
The 5Spr20 promoter is, however, inefficient in directing protein synthesis 
unlike its counterpart class Ill, VA RNA1 gene promoter, which transcribed a 
translatable chimaeric protein coding sequence [Gunnery & Mathews, 1995]; 
yet, several exciting possibilities exist to engineer 5Spr20 into a recombinant 
promoter suitable for both sense- and antisense applications. Frenkel et al 
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[2004) note that the presence of numerous class Ill, tRNA-like sequences 
found in the region of Pol II promoters is an adaptation of Pol Ill promoters to 
binding by RNA polymerase II; therefore, subtle changes introduced into 
5Spr20 promoter can make it capable of directing protein synthesis. For 
example, in the case of Pol Ill transcribed Arabidopsis U snRNA genes, it 
needs only a 10 bp insertion (or one helical turn) between two promoter 
elements to alter their polymerase specificity to Pol II [ Waibel & Filipowicz, 
1990). 
Nevertheless, the ideal pine promoter is one which belongs to a Class II gene 
since it is inherently bi-functional; it is tailored for both gene expression and 
gene downregulation applications. The original proposal, in fact, was to use 
differential screening of pine cDNA libraries as the starting point for gene 
discovery. This was discounted later because of the unavailability of 
radioactive facilities for library screening. Using a differential (+ and -) library 
screening approach thousands of pine protein coding genes (assuming a 
minimum of 20,000 based on the human genome) can be reduced to an 
enriched library containing hundreds, if not tens, of constitutively/spatially 
expressed Class II pine transcript clones; sequential screening of a cDNA 
library from a selected tissue with labelled cDNA libraries prepared from 
different pine tissues and stages will result in a bank of potential candidate 
genes. The library is further reduced, if necessary, to a manageable size by 
eliminating clones representing housekeeping multigene families such as 
actin, tubulin, GAPDH and histones using conserved, or degenerate probes. 
In this approach, the target gene pool is captured early and the nature of the 
constituent genes determined subsequently. In this study, however, a decision 
was taken to follow an approach, which was the exact opposite, where 
candidate genes were first determined and then the transcriptome/genome 
was screened for the genes. 
Wisdom dictates that single-copy genes are easier targets to isolate because 
of their relatively unique sequence, than a member of a multigene family 
which shares varying degrees of homology with its paralogs. However, if 
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duplicated genes were to be totally excluded as candidates, a large number of 
protein coding genes will be lost to the selection process. A comparative 
analysis of the fully sequenced genomes of three model organisms shows 
that their proteomes are dominated by protein families [Rubin et al, 2000]; in 
C.elegans 8971 genes of a core proteome of 9453 are duplicated, 5536 of 
8065 in D.melanogaster and 1858 of 4383 in S.cerevisiae. 
The three candidate genes, Actin Actx, tDNAMet-i and 5Spr20 which were 
investigated in detail are all members of (putative) multigene families. It is a 
fair comment that in practice, fishing for a desirable gene within a multigene 
family can be a logistical nightmare. However, targeting a specific paralog is 
not entirely illogical if one considers the fact that many of the promoters in 
current use belong to multigene families; examples are the monocot ubiquitin 
promoter, rice actin promoter and the maize alcohol dehydrogenase promoter. 
The Agri-Genesis Corporation (NZ) using its extensive private database of 
pine ESTs identified yet another promoter of an abundantly expressed 
ubiquitin paralog - super ubiquitin, which belongs to a superfamily of 
chaperone proteins. Its 2.1 kb promoter embodying a 5' UTR interrupted by a 
839 bp intron shows a broader expression profile than CaMV 35S promoter 
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Appendix I 
Treatment means and standard error. Individual treatment readings obtained by 
Final (=pm/minute/25 ug) x (1000/25ug) x (1/30 minutes). 
Treatment Replicate pmole/m/mg mean std error 
































one way ANOVA 
Source SS df MS F 
Between 5956824 3 1985608 100.5 
Within 553216 28 19757 
Total 6510040 31 
2 \'e: 
Appendix I 
MUG time course assay 
Stock solution containing 1 U ul-1 b-glucouronidase was diluted 10-4 in GUS 
extraction buffer. 50 ul were incubated with 1 mM MUG and absorbance read at 
0, 10, 20 and 30 minutes to confirm linearity of reaction. 





Transient expression RT-PCR 
Visual rating of gus_bands in ~T-PCR (chapter V, Section 3.5.2) using a 1-6 
scale. 
Replicate 2 3 4 5 6 7 8 
pGUS +++++ ++++ + ++++++ ++++ +++++ ++++ +++++ 
p5S +++ ++++ ++++ ++++ ++++ ++++ +++ +++++ 




Extraction buffer - 2% CTAB, 2% PVP (K30), 100 mM Tris-HCI, pH 8, 25 mM 
EDTA (di-sodium salt), 2 M NaCl, 0.5g r 1 spermidine 
Autoclave and add 13-mercaptoethanol and proteinase-K (20µg µr1) to 0.2 and 
0.25%, respectively, final concentration just before use. 
SSTE -1 M NaCl, 0.5% SDS,10 mM Tris-HCI, pH 8,1 mM EDTA,Autoclave. 
Prepare 10 M LiCI and 3 M NaOAc in DE PC-treated water and autoclave 
before use. 
Pine DNA 
Extraction buffer- 100 mM Tris-HCI, pH 8, 2% (w/v) CTAB, 1.4M NaCl, 20 
mM EDTAAutoclave and add 0.2% ME and 0.25% Proteinase K (20µg µr1) 
just before use. 
Nuclear extraction buffer - 50 mM Tris-HCI, pH 8, 5 mM EDTA, 350 mM 
Sorbitol, 10% PEG 8000. Autoclave and add 0.1 % BSA & 0.1 % ME just 
before use. 
Nuclear wash buffer - 50 mM Tris-HCI, pH 8, 25 mM EDTA, 350 mM Sorbitol 
Autoclave and add 0.1 % ME before use. 
Plasmid preparation 
TE buffer - 10 mM Tris-HCI, pH 8, 1 mM EDTA. Autoclave 
TE saturated phenol Chloroform - Mix equal volumes of TE, pH 8 and phenol 
and allow phases to separate. Repeat the process till pH of upper phase is 8. 
Add an equal volume of Chloroform:isoamyl alcohol (24:1) to the lower phenol 
layer and store at 4°C. 
Resuspension buffer - 25 mM tris-HCI, pH 8, 10 mM EDTA, Autoclave. 
Add 50 mM filter sterilized glucose. 
Neutralizing solution 
To 60ml 5 M KOAi:: add 11.5ml glacial acetic acid and 28.5ml water. This 
solution is 3 M with res~ect to potassium and 5 M with respect to acetate. 
Autoclave and store at 4 C. 
DNase-free RNase A 
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RNase A is dissolved in 10 mM Tris-HCI, pH 7.5, 15 mM NaCl to a final 
concentration of 10mg mr1, heated at 1 oo0c for 15 minutes and allowed to 
cool to room temperature. Store at -20°c. 
Wizard DNA purification system 
Neutralizing solution -1.32 M KOAc, pH 4.8, Column wash solution -, 80 mM 
KOAc, 8.3 mM Tris-HCI, pH 7.5, 40 µM EDTA, 55% EtOH 
Boiling method 
STET buffer - 10ml 0.5 M EDTA, 5ml 1 M Tris-HCI, pH 8, 0.5ml Triton 100, 
64.5ml H20 Autoclave and add 20ml filter sterilized 40% sucrose. 
Agarose gel electrophoresis 
1X TAE -40 mM tris-HCI, pH 7.8, 20 mM Acetic acid, 1 mM EDTA 
1X TSE - 89 mM Tris-HCI, pH 8.3, 89 mM Boric Acid, 2 mM EDTA 
5X Gel loading buffer - 50 mM Tris-HCI, pH 8, 5 mM EDTA, 25% 
glycerol,0.2% BPS, 0.2% Xylene cyanol 




Xylene cyanol: 4-5kb 
Xylene cyanol: 750bp 
Migration of tracker dyes 
BPB:400-500bp 
BPS: 100bp 
Acrylamide 5% Xylene cyanol:260bp BPB:65bp 
Acrylamide 8% Xylene cyanol: 160bp BPB:45bp 
Acrylamide 12% Xylene cyanol:70bp BPB:20bp 
Acrylamide 15% Xylene cyanol:60bp BPS: 15bp 
DNA cleaning by ion exchange chromatography 
QBT buffer - 750 mM NaCl, 50 mM MOPS, pH 7, 0.15% Triton, 15% EtOH 
QC buffer- 1 M NaCl, 50 mM MOPS, pH 7, 15% EtOH 
QF buffer - 1.25 M NaCl, 50 mM Tris-HCI, pH 8.5, 15% Et OH 
Gel extraction with glass fibre 
Binding buffer - 3M GuSCN, 10 mM Tris-HCI, pH 6.6, 5% EtOH 
Wash buffer - 20 mM NaCl, 2 mM tris-HCI, pH 7.5, 80% EtOH 
Gel extraction with silica 
Binding buffer -6 M NaCI04. 50 mM Tris-HCI, pH 8, 10 mM EDTA 
221 
Wash buffer -20 mM Tris-HCI, pH 7.5, 2 mM EDTA, 50% EtOH 
Elution buffer - 10 mM Tris-HCI, pH 8, 1 mM EDTA 
Cloning 
Appendix II 
10x ligation buffer - 660 mM Tris-HCI, pH 7.5, 50 mM MgCl2, 10 mM DTE, 10 
mMATP 
Dephosphorylation 
Dilution buffer - 25 mM Tris-HCI, pH 7.6, 1 mM MgCb.0.1 mM ZnCl2, 50% 
glycerol 
Dephosphorylation buffer (1x) - 50 mM Tris-HCI, pH 8.5, 0.1 mM EDTA 
Sa competent cells 
Minimal medium (M-9) - 6g Na2HP04, 3g KH2P04 , 0.5g NaCl , 1 g NH4CI , 15g 
Agarose Dissolve in 1 L water and after autoclaving add filter sterilized, 
1 M MgS04 2ml, 1 M CaCl2 0.1 ml, 10ml 20% glucose , 1 M thiamine-HCI 1 ml 
Trituration buffer - 100 mM CaCl2, 70 mM MgCl2, 40 mM NaOAc, pH 5.5 
Blue white selection 
X-gal 
X-gal is dissolved at 20mg mr1 in N,N'dimethylformamide in a polypropylene 
tube, wrapped in aluminium foil to prevent light damage and stored at -20. 
IPTG 
2g is dissolved in 8ml water and volume adjusted to 10ml (840 mM), filter 
sterilized using a 0.22 micron filter and stored in 1 ml aliquots at -20°C. 
Plates 
To premade LB antibiotic plates (20ml) 40µ1 X-gal (and 4µ1 IPTG if added to 
the plate) stock solution(s) are added and spread over the entire surface of 
the plate using a sterile glass spreader. Plates are incubated at 37°C for 3-4 
hours to evaporate the formamide (which has low volatility). 200µ1 of 
transformation culture is then spread on the plate surface, allowed to be 
absorbed into the medium and incubated at 37°C. 
Southern blotting 
Neutralizing solution - 1.5 M NaCl, 0.5 M Tris-HCI, pH 7.2, 0.001 M EDTA, 
20x SSC - 3 M NaCl, 0.3 M Sodium citrate, pH 7 
Northern blotting 
10x MOPS/EDTA buffer - 0.2 M MOPS, 50 mM NaOAc, 10 mM EDTA_,_Adjust 
pH to 7 and autoclave. 
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RNA sample preparation -12.5µ1 deionized formamide, 2.5µ1 10x MOPS 
buffer, 4µ1 formaldehyde (37%)6µ1 RNA sample. Heat at 65°C for 10minutes 
and chill on ice. Add 2.5µ1 50%(v/v) glycerol containing 0.1 mg mr1 
bromophenol blue and 1 µI EtBr. 
RNA gel - 1.5g Agarose, 10 ml 1 Ox MOPS/EDT A buffer, 87 ml 
Water.Dissolve agarose and cool to 50°C, add 5.1 ml HCHO (37%) and pour 
immediately. 
Digestion was performed with 6ug (human) DNA with 1 ul type II restriction 
enzyme (10u ul) in 20ul final volume. reactions were stopped by addition of 
0.1 volume 0.5M EDTA, pH 8 or by heating at 65°C. 
Southern hybridization 
Church and Gilbert buffer_- 0.5 M Na2HP04, pH 7.2, 7% SOS, 1 mM EDTA 
Detection wash buffer - 0. M Maleic acid, pH 7.5, 0.15 M NaCl, 0.3% (v/v) 
Tween 20 
Maleic Acid buffer-0.1 M Maleic Acid, pH 7.5, 0.15 M NaCl 
Blocking solution - Resuspend the blocking reagent in Maleic acid buffer to 
form a 1 % (w/v) solution and store at 4°C. 
Detection buffer - 0.1 M Tris-HCI, pH 9.5, 0.1 M NaCl 
In situ Hybridization 
Fixative - Ethanol 50%' Acetic Acid 5%, Formaldehyde (37%) 3.7%, Water 
41.3% 
Proteinase K buffer - 100 mM Tris Hcl, pH 7.5, 50 mM EDTA 
10x hybridization salts - 3M NaCl, 100 mM Tris-HCI, pH 7.5, 10 mM EDTA 
Hybridization buffer - 50% Formamide, 300 mM NaCl, 10 mM Tris-HCI, 1x 
Denhardt's solution, 10% Dextran sulfate, 70 mM OTT, 40µg mr1 salmon 
sperm DNA, 400ng mr1 probe 
Antibody buffer - 100 mM Tris-HCI, pH 7.5, 150 mM NaCl 
Substrate buffer - 100 mM Tris-HCI, pH 9.5, 100 mM NaCl, 50 mM MgCl2 
50x Denhardt's solution - 1g Ficoll, 1g PVP, 100ml water. BSA is filter 
sterilized and added at 1 g per 100ml. 
Salmon sperm DNA - DNA is added at 10mg per ml of water and stirred for 4 
hours at room temperature to dissolve the DNA. The solution is made up to 
0.1 M NaCl and extracted once with phenol. The aqueous layer is extracted 
with CHC'3:isoamyl alcohol. DNA is sheared by passing the solution rapidly 
through a 17-gauge hypodermic needle 10 times. DNA is precipitated with 2 
volumes of EtOH its concentration is adjusted to 10 mg mr1 . The solution is 




10x PNK buffer - 0.5 M tris-HCI, pH 8.2, 0.1 M MgC'2, 1 mM EOTA, 50 mM 
OTI, 1 mM spermidine 
Affinity capture 
Hybridizing buffer - 50% formamide, 3x SSC, 40 mM sodium phosphate, 
0.5% SOS 
linear acrylamide - A 5% acrylamide solution (No bis-acrylamide added) is 
prepared in 40 mM Tri-HCI, pH 7.8, 20 mM NaOH, 1 mM EOTA. 11100th 
volume of 10%APS and 111000th volume of TEMEO are added and 
acrylamide allowed to polymerize for 30 minutes. When solution becomes 
viscous add 2.5 volumes EtOH and centrifuge at 13000rpm for 10 minutes. 
Dissolve the precipitate in 20 volumes H20 by shaking overnight. The 0.25% 
linear acrylamide can be stored at 4°C for several years. 
Standard RT-PCR 
5x first strand buffer - 250 mM Tris-HCI, pH 8.3, 250 mM KCI, 50 mM MgCl2, 
2.5 mM spermidine, 50 mM OTT, 5 mM dNTP 
Bradford Assay 
Bradford Reagent - Stock solution - Coomassie blue G-250 50mg, EtOH 
95ml, Orthophosphoric Acid 205 ml. Store in dark at RT. 
Working solution - Stock 15 ml, EtOH 7.1 ml, Phosphoric acid 15.5 ml, add 
water to 250 ml. Filter Whatman#1, store RT for 3-4 weeks. 
BSA standard 1 mg/ml at wavelength 595 
MUG Assay 
Gus extraction buffer - 5 ml 1 M sodium phosphate, pH 7 (NaH2P04+ 
Na2HP04), 0.07 ml ME, 2 ml 0.5 M EOTA, pH8, 0.33 ml 30% sarcosyl, 1 ml 
10% triton x-100, 91.6 ml water. 
Stop Buffer - 0.2 M anhydrous Na2C03 
MUG stock- 2 mM solution - 25 mg MUG (Boer-Mann or Sigma) in 25 ml gus 
extraction buffer. Store 4C. 
MU stock - 1 uM so1ut1on - 19.8g MU in 100 ml distilled water; store 4C away 
from light. 
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